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Abstract 
 
Representation of sensorimotor information in the rat hindlimb cortex after a complete 
spinal cord injury 
 
Anitha Manohar 
 
Spinal cord injury (SCI) is a severe disability that affects 2.5 million people worldwide. 
A complete SCI results in total loss of sensation and motor paralysis below the level of 
the lesion, dramatically affecting the quality of life for these patients. One of the principle 
goals for patients from rehabilitation after SCI is to be able to walk again. SCI effectively 
disrupts the communication between supraspinal and spinal circuits that are involved in 
locomotion. Despite this, the isolated spinal circuits retain a certain capacity to produce 
rhythmic locomotor like movements when reactivated through chemical or electrical 
stimulation. This rhythm generation alone is not sufficient to restore locomotion, which 
involves more complex functions such as weight bearing, balance and stability. This is 
the motivation behind developing therapeutic interventions that can enhance 
sensorimotor encoding in spared supraspinal locomotor networks. 
In this thesis, we use two approaches for chronic rehabilitation after a complete T8/T9 
mid-thoracic SCI, one is training in a brain machine interface (BMI) paradigm using a 
hindlimb press task and the other is a combination of 5-HT agonists, bike exercise and 
treadmill training administered over 12 weeks. The goal of this work is to evaluate 
changes in the information due to these interventions and more importantly, understand 
how they influence recovery of lower limb function after SCI in adult rats. . To address 
this we measure changes in sensorimotor encoding with electrophysiological techniques 
 x 
including recording activity of neuronal populations to sensory stimulation, intracortical 
microstimulation to study motor map changes and cortical lesioning.  
Our results show that using therapeutic intervention (BMI training) after SCI preserves 
the encoding for motor program encoded by neurons in the deafferented cortex, which 
can potentially be used to control voluntary movement. Secondly, our combination of 
chronic therapies promote reorganization of sensorimotor circuits in the cortex which 
leads to significant recovery of locomotor function including weight bearing in the open 
field. Finally, lesioning this novel cortical sensorimotor network drastically decreases the 
locomotor recovery, establishing a causal role for the cortical reorganization in promoting 
recovery of function. This work ascertains the need to optimize therapeutic interventions 
by targeting supraspinal plasticity to maximize recovery after complete spinal cord 
injury.  
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Chapter 1: General Introduction 
 
 
Spinal cord injury (SCI) is a severe disability that affects 2.5 million people worldwide 
with 130,000 new cases every year. Nearly 50% of these are young adults between the 
ages 16-30 years. Depending on the severity of the injury, patients are often paralyzed 
below the level of the injury, drastically affecting their quality of life. A complete SCI 
disrupts both the ascending pathways that carry sensory information from all regions 
caudal to the injury to somatosensory networks in the cortex and also descending 
pathways that carry signals for voluntary motor control from the cortex to the muscles 
below the lesion. There is a disconnection between supraspinal networks that are 
essential for providing the drive for voluntary locomotion and the spinal circuitry that 
generate the stereotypic locomotor rhythm. Isolated spinal circuits embedded in the 
lumbosacral segments of the spinal cord are still capable of motor output in response to 
varying sensory, chemical or electrical stimulation (Barbeau and Rossignol 1987b; S 
Grillner and Wallen 1985; S Grillner and Zangger 1975; Edgerton et al. 2008; R. M. 
Ichiyama et al. 2008; Courtine et al. 2009; P. Musienko et al. 2011). Likewise, the 
neurons in the supraspinal networks could potentially encode for motor function even 
after injury. Up to now, the typical approach for rehabilitation after spinal cord injury has 
been to rewire these circuits by ‘bridging’ the lesion. These approaches assume that 
recovery of motor function requires transmission of information across the lesion. In this 
thesis, we challenge this assumption. We study therapeutic interventions after a complete 
spinal cord injury without the confounding factor of spared fibers to understand changes 
in sensorimotor information represented by neurons in the cortex and how this directly 
impacts recovery of locomotor function.  
 2 
Silencing of sensorimotor cortex after SCI 
Cortical reorganization in sensorimotor circuits has been studied extensively after spinal 
cord injury. There is a somatotopic structure or organization in the cortex for processing 
sensory and motor information from different regions of the body. This somatotopy 
changes after injury, either leading to ‘silencing’ of the cortical region that is deafferented 
or an expansion of intact cortical representations that are close to the border into the part 
of the deprived cortex (Merzenich, Kaas, Wall, Nelson, et al. 1983). This was first seen 
after amputation of digits (Kelahan and Doetsch 1984; Rasmusson 1992, McCandlish 
1996), limbs (Rassmusson and Nance 1986) and peripheral nerve damage (Merzenich, 
Kaas, Wall, Sur, et al. 1983; J. T. Wall and Cusick 1984). However spontaneous cortical 
reorganization after spinal cord injury without any therapy is very limited (N Jain, 
Florence, & Kaas, 1995; Tina Kao, Shumsky, Murray, & Moxon, 2009, Levitt and Levitt 
1968, McKinley and Smith 1990). The neurons in the cortex that previously responded to 
cutaneous stimulation of body parts below the level of the lesion are now ‘silent’ and do 
not increase their responsiveness to sensory stimuli from any intact part of the body.  
A recent study (Ghosh et al. 2010) tracked the changes in sensorimotor 
organization in the hindlimb cortex of rats over time after severe spinal cord injury 
without any therapeutic interventions. Using retrograde tracing of hindlimb corticospinal 
neurons, they showed that in response to a bilateral dorsal hemisection, about 10% of the 
axotomized corticospinal axons from the hindlimb motor cortex rewired to the cervical 
spinal cord but without therapy nearly 50% of these were eliminated over a period of 12 
weeks (Figure 1.1A). In parallel, using VSD imaging they showed a transient expansion 
of the forelimb sensory cortex into the hindlimb sensorimotor area but again this effect 
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was only significant 1 week after injury (Figure 1.1B). They also did not observe any 
spontaneous improvement in locomotor abilities with time after injury in the absence of 
therapy.  
 
Figure 1.1 Hindlimb sensorimotor cortex is silenced after severe spinal cord injury without any therapeutic 
intervention. A. After a dorsal bilateral hemisection injury, a retrograde dye was placed at the site of the 
injury (mini ruby, red) that was taken up by hindlimb neurons in the cortex. A second dye (fast blue) was 
injected into the cervical gray matter and was taken up by neurons that sent projections into the cervical 
segments. Neurons that were double labeled (see right panel) were originally hindlimb corticospinal 
neurons that were rewiring to the cervical cord. B. Activation time curves of responses in the hindlimb 
cortex after forelimb stimulation and column plots of the peak activations at different time points after 
injury.          
 
Cortical reorganization after SCI 
After SCI, the amount of cortical reorganization depends on the age at injury, extent of 
the injury and the therapeutic interventions following injury. In contrast to injury at the 
adult stage, injuries occurring in neonates have a higher capacity for spontaneous 
recovery and therapy induced cortical reorganization (Qi et al. 2010). This plasticity can 
be further enhanced by therapeutic interventions leading to further improvements in 
locomotor recovery. Rats spinalized as neonates can develop weight supported stepping 
(Stelzner, Ershler, and Weber 1975; Miya et al. 1997; Tina Kao et al. 2009; S F Giszter et 
al. 1998) and this is associated with sensorimotor reorganization in the cortex. Giszter et 
al 2008 showed that intraspinal transplants along with treadmill training promoted an 
expansion of axial trunk musculature into the putative hindlimb cortex in rats that 
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developed the ability to take weight supported steps. The study proposed that this novel 
representation could help steer the pelvis and hindlimbs indirectly during weight-
supported stepping. Following this, Kao et al 2009 showed that rats that are transected as 
neonates and receive treadmill training can take weight supported steps on the treadmill 
and the extent of recovery is correlated to the reorganization of the intact forepaw 
somatosensory representation into the deafferented hindlimb cortex. The enhanced 
cortical representation of the forepaws was likely to contribute to maintaining posture and 
stability during locomotion, indirectly helping weight supported stepping, indicated by 
increased responsiveness of neurons during a weight supported step. These studies of 
spinal cord injury in neonates shed light on key factors to be considered while developing 
therapeutic interventions that can optimize cortical reorganization and promote locomotor 
recovery and can potentially be extended and tested on spinal cord injuries that occur in 
adulthood.  
Figure 1.2 Therapy induced cortical reorganization is correlated to weight supported stepping on the 
treadmill for rats transected as neonates. A. Photographs of two adult rats with neonatal T8/T9 transections 
during treadmill exercise. On top is a spinalized rat exhibiting no weight support. The hindquarters are 
dragged on the surface of the treadmill. On the bottom is an exercised spinalized rat taking a weight-
supported step. The hindlimbs are supporting the hindquarters above the surface of the treadmill. B. The 
average response magnitude of the cells in the hindlimb cortex was positively correlated with % weight 
supported steps (WSS). 
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Brain machine interfacing as a therapy for rehabilitation after SCI 
Clinically one of the most promising future interventions after spinal cord injury is using 
a brain machine interface (BMI) to restore locomotion as well as skilled voluntary lower 
limb function. In a BMI paradigm, neural activity is decoded to develop a control signal 
for performing a motor task; moving an external actuator or to stimulate back into the 
spinal cord or muscles to evoke movements. This approach indirectly uses the activity of 
neurons to close the loop that is disrupted by injury and thereby restore function. Studies 
using a BMI experimental paradigm have greatly improved our understanding of how 
neurons encode for forelimb movements especially in intact systems. They have also 
shown that there is functional reorganization or adaptation in the firing properties of these 
neurons when they are trained in a BMI task (Carmena et al. 2003; Zacksenhouse et al. 
2007; Ganguly and Carmena 2009). Presumably this adaptation or plasticity could further 
change after spinal cord injury. It is largely unknown how injury to part of the nervous 
system can affect the ability of neurons to encode information about motor control in 
light of the extensive change in input/outputs from the affected networks. Miller and 
colleagues tried to simulate the effect of paralysis caused by spinal cord injury using a 
nerve block and used the activity of neurons in the motor cortex of monkeys to restore 
voluntary control over grasp movements (Ethier et al. 2012). The study however does not 
consider the chronic effects of reorganization after spinal cord injury on the neurons in 
the cortex. It remains an open question to understand how neurons in the deafferented 
cortex will encode for learned motor tasks after injury.  
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Serotonergic pharmacotherapy (5-HT) as therapy after SCI  
Spinal cord injury interrupts the descending pathways that carry critical neurotransmitters 
from the brain to the spinal cord, including serotonin (5-HT), which is crucial for 
modulating locomotion. This can hinder synaptic communication in the motor neuronal 
circuitry in the spinal cord that translates to a loss of motor function. 5-HT is 
predominantly produced by the raphe nucleus in the brainstem which sends projections 
that innervate the spinal gray matter in lumbosacral CPG networks which are responsible 
for locomotor rhythm generation (Schmidt and Jordan 2000). The diminished or absent 
serotonergic drive causes the locomotor circuitry to become less responsive to sensory 
and proprioceptive afferent stimuli which are known to initiate, control and modulate 
locomotion.  
Pharmacological treatments, such as systemic administration of 5-HT agonists, 
can thus play an important role in restoring the chemical environment of critical 
locomotor circuits after a spinal cord injury. Despite the loss of 5-HT innervation from 
supraspinal centers, the spinal circuits in the lumbosacral cord retain the capacity to 
generate the locomotor rhythm in response to sensory afferents with sufficient excitation.  
Therefore systemic administration of these drugs acts primarily by reactivating the spinal 
networks involved in locomotion. Studies have shown that administration of 5-HT 
receptor agonists promotes functional recovery after spinal cord injury (Kim et al. 1999; 
Antri et al. 2003; Antri et al. 2005; Landry et al. 2006; Courtine et al. 2009; Ganzer et al. 
2013; Barbeau and Rossignol 1990). A recent study (P. Musienko et al. 2011) highlights 
how combined administration of low doses of Quipazine, a 5-HT2 agonist and 8-
OHDPAT, a 5-HT1A/7 agonist led to significant increases in locomotor recovery, 
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specifically, ability to take weight supported steps, locomotor rhythmicity, vertical 
ground reaction forces (weight-bearing), increased electromyography activation of 
hindlimb muscles and consistent patterns in kinematics. They also tested addition of other 
monoamines such as methoxamine and clonidine without showing any further 
improvement of locomotor function. Therefore, although other monoamines are known to 
contribute to locomotor output, stimulating the 5-HT2, 5-HT1A and 5-HT7 receptors using 
Quipazine and 8-OHDPAT, specifically led to significant improvements in weight-
supported stepping ability. Therefore we use this optimal combination of 5-HT receptor 
agonists in combination with other therapies to promote locomotor recovery after SCI. 
The improved synaptic transmission generated by using these drugs could 
potentiate other treatments such as passive bike exercise or locomotor training by 
lowering the activation threshold of neurons that are involved in locomotion (Fong et al. 
2009). Repeated administration of 5-HT agonists also facilitates cellular and synaptic 
modification. When combined with step training, Quipazine, significantly increased 5-
HT2A receptor expression, as well as the levels of AMPA GluR1 and pCREB, which are 
markers for early and late long-term potentiation (Fong et al. 2005). These results suggest 
that exogenously administered neurotransmitter agonists may have an important role in 
facilitating learning and memory during activity-based treatments. Hence we proposed to 
use these drugs in combination with other activity-based therapies such as bike exercise 
and locomotor treadmill training.  
Exercise paired with 5-HT administration used as therapy after SCI  
Similar to pharmacotherapy, exercise also promotes locomotor recovery and plasticity at 
multiple levels of the sensorimotor system. After SCI exercise is either administered 
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passively or actively. Passive bicycling exercise is a commonly used non-invasive 
therapy that can reduce spasticity (Kiser et al. 2005; De Mello, Esteves, and Tufik 2004), 
increase bone density (Hangartner et al. 1994; Lauer et al. 2011) and reduce lower limb 
blood pooling (Phillips et al. 1998). Active locomotor training on the treadmill has been 
shown to effectively help with the recovery of stepping (Edgerton et al. 2001; Edgerton et 
al. 2008; R. M. Ichiyama et al. 2008) after a spinal cord injury. This has been shown in 
rats (Cha et al. 2007; Wojciech K Timoszyk et al. 2005; Courtine et al. 2009; van den 
Brand et al. 2012), cats (Barbeau and Rossignol 1987b; de Leon et al. 1999; W K 
Timoszyk et al. 2002; Edgerton et al. 1991; Lovely et al. 1986) and human subjects  (V 
Dietz and Harkema 2004b; S J Harkema et al. 1997; Wernig 2006; Angeli et al. 2014; 
Courtine, Heutschi, and van den Brand 2012; Van de Crommert HW, Mulder, and 
Duysens 1998). These studies show that engaging the spinal circuitry with sensory input 
associated with weight-bearing stepping helps in activating the locomotor circuitry so 
that effective locomotion can be regained.  
Exercise therapy also induces plasticity in the brain by increasing neurotrophic factors 
such as BDNF (Neeper SA, Gomez-Pinnilla F, Choi J 1995; Neeper et al. 1996; Ying et 
al. 2008; Ding, Ying, and Gómez-Pinilla 2011; S. S. Vaynman et al. 2006; S. Vaynman 
and Gomez-Pinilla 2005; Weishaupt et al. 2012; Bohn 2004). A recent study (Graziano et 
al. 2013) showed that passive bicycling exercise after complete spinal cord injury 
promotes upregulation of plasticity related proteins such as BDNF and ADCY1 within 
the sensorimotor cortex. Combining bike exercise with 5-HT agonists (Ganzer et al. 
2013) results in significant locomotor recovery, which was accompanied by cortical 
reorganization where the forepaw sensory representation expanded into the deafferented 
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hindlimb cortex. Hence exercise therapies targeted below the level of the lesion could 
potentially have a big impact on promoting reorganization in supraspinal centers as well.  
In this thesis we use two different approaches for rehabilitation after spinal cord injury. In 
the first approach, we want to investigate if a brain machine interface can be used as a 
therapy to preserve the encoding for skilled motor function after spinal cord injury. It is 
important to note that controlled flexion and extension of the hindlimb along with gait 
modification is essential to perform complex tasks such as obstacle avoidance, navigating 
terrain and goal directed locomotion. Since the encoding for these are likely found in the 
activity of the neurons in the cortex we cannot undermine the importance of a brain 
machine interface approach to control lower limb movements for restoration of function.  
The second approach is a combination of therapeutic interventions that can 
synergistically enhance activity-dependent plasticity, both in the spinal circuits to elicit 
rhythmic locomotor like activity as well at the supraspinal level to engage neurons in the 
deafferented cortical region to encode for novel functions further promoting locomotor 
recovery. The goal of this thesis is therefore, to simply understand the ability of these 
neurons to encode information that is related to hindlimb movements and the 
reorganization that occur in the network after injury when using each of these approaches 
as therapy. Such insight is both useful and necessary for designing therapy to optimize 
rehabilitation after spinal cord injury.  
The central hypothesis is that “Increasing the information encoded by neurons in 
the deafferented cortex about both sensory input and motor output will improve outcome 
after spinal cord injury.” I will address this hypothesis with the following aims:  
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Specific Aim I (motor): Demonstrate that brain machine interface training can restore 
information conveyed by neurons in the hindlimb sensorimotor cortex (HLSMC) about 
motor output after SCI. 
 
Hypothesis: Training in a brain machine interface paradigm for restoration of movement 
after a complete SCI will actively engage axotomized neurons and train them to provide 
the necessary neural signal for a hindlimb motor command.   
 
Specific Aim II (sensorimotor): Evaluate the effect of increasing sensorimotor 
information conveyed by neurons in the hindlimb cortex on functional recovery. 
Aim IIA: Impact of combination of therapeutic interventions on locomotor recovery and 
the encoding in the HLSMC. 
Aim IIB: Evaluate how this novel encoding contributes to the recovery of function. 
 
Hypothesis: After complete SCI serotonergic pharmacotherapy administered along with 
bike exercise and treadmill training will potentiate activity-induced plasticity in spared 
sensory and motor cortical networks, thereby enhancing cortical control of locomotion.  
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Chapter 2: Changes in sensorimotor information in the cortex after BMI training 
2.1 INTRODUCTION 
The brain machine interface (BMI) has great potential to restore functional movement 
after severe spinal cord injury (Evarts 1968; Tanji and Evarts 1976; Chapin et al. 1999; 
Chapin and Nicolelis 2001; Hochberg et al. 2006; M. a Lebedev and Nicolelis 2006; 
Schwartz et al. 2006; Moritz, Perlmutter, and Fetz 2008). In this approach the 
modulations of cortical neurons are used to decode movement related signals in real-time 
which can then be used as a control signal to restore movement of the affected limb 
(Moritz, Perlmutter, and Fetz 2008; Ethier et al. 2012) or replace the movement by 
actuating an external device (Chapin et al. 1999; Wessberg et al. 2000; Taylor, Tillery, 
and Schwartz 2002; Carmena et al. 2003). Moreover, studies using the BMI experimental 
paradigms have greatly improved our understanding of how neurons encode for forelimb 
movement (Chapin et al. 1999; M. D. M. D. Serruya et al. 2002; Carmena et al. 2003; M. 
Serruya et al. 2003; Pohlmeyer et al. 2007; Velliste et al. 2008).  However, less is known 
about neural encoding for hindlimb movements or the possibility of using BMI to restore 
control of the hindlimbs for restoration of hindlimb functions.  
Studies examining the neural encoding of hindlimb movement have focused 
mainly on changes in gait patterns during stereotypic locomotion on a treadmill.  Early 
work by Drew and colleagues (Widajewicz et al. 1994) showed that pyramidal cells in 
the hindlimb motor cortex of the cat are involved in the extension and flexion of the limb 
as the animal steps over an object.  Moreover, hindlimb pyramidal cells are involved in 
gait modifications (Drew et al. 2008; Drew, Kalaska, and Krouchev 2008), including the 
necessary postural adjustments (Song et al. 2009) and forelimb/hindlimb coordination 
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produced during changes in gait (Fitzsimmons et al. 2009). In the context of a BMI 
application, the adaptation to a cortex controlled BMI has been studied in rats during 
locomotion on the treadmill (Song and Giszter 2011) and during squatting and standing 
in monkeys (Zhang, Ma, and He 2010). However, control over flexion and extension will 
be necessary to maintain balance, navigate over varying terrain and avoid obstacles 
during real-world applications after a spinal cord injury. Therefore, in the work presented 
here, we examined neural signals that control hindlimb movement, the impact of 
introducing a BMI on the representation of that signal and the effect of a complete spinal 
transection. Based on the work from forelimb/arm studies (Carmena et al. 2003; Fagg et 
al. 2009; Ganguly and Carmena 2009; Jarosiewicz et al. 2008), we hypothesized that the 
encoding of hindlimb movement would be different when explicit behavioral control was 
replaced by neural control using the brain machine interface. Further changes in encoding 
were expected after spinal cord injury (SCI).    
To test this, we trained rats to press and release a pedal with their hindlimb in 
response to an audible cue for a reward. We simultaneously recorded populations of 
single neurons from arrays of microwires chronically implanted in the hindlimb 
sensorimotor cortex (HLSMC). First, using offline analysis, we measured the information 
encoded by neurons about the kinematic parameters of movement (offline decoding).  
Next we used neuronal population functions, weighted representations of the neuronal 
activity, to replace the hindlimb movement as a trigger for the water reward in real-time 
(online decoding) and reassessed the ability of the neurons to encode for the motor 
program when the animals could still press the pedal, after the pedal was removed and 
after a complete spinal transection.  Our results show that during neural control, more 
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information about the motor program is encoded faster than during behavior control. 
After a complete spinal transection that de-afferents the motor cortex and damages the 
axons of many of these cells, the information about the motor program is initially lost but 
is eventually regained to levels achieved during behavioral control. 
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2.2 METHODS 
Experimental Design  
Overview  
Adult rats were trained in a hindlimb pedal press task. All animal procedures were 
conducted in accordance with Drexel University Institutional Animal Care and Use 
Committee-approved protocols, and followed established National Institutes of Health 
guidelines. Except during recovery from surgery, animals were maintained on a water 
restriction schedule. 
Behavioral Training  
Animals were placed in a behavioral chamber consisting of an 8×12×8 inch clear acrylic 
cube each day for training. Near the rear of the chamber, a pedal protrudes from a hole in 
the floor. Animals were trained to depress and release this pedal with one hindpaw within 
3 seconds from the start of an audible chime cue. Successful completion of this task 
activated a solenoid valve, which dispensed approximately 0.1 mL of water after a 500 
ms delay. Incorrect trials, either false negative (failure to respond to audible cue within 
the allotted time) or false positive (incorrectly depressing the pedal in the absence of the 
audible cue) result in dimming of the house lights for 3 seconds (time-out). Animals were 
considered to have achieved proficiency at the task when they completed at least 50 
responses per session with a greater than 90% ratio of correct responses to total trials 
(true positives), together with a less than 10% ratio of inappropriate spontaneous presses 
to total number of presses (false positives). 
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Electrode Implantation  
Animals that reached proficiency were implanted bilaterally with microwire electrode 
into the hindlimb sensorimotor cortex. For this procedure, they were anesthetized with 
isoflurane and fixed in a stereotaxic frame. An incision was made to retract the skin 
covering the skull and residual soft tissue or fascia was cleared away. Landmarks on the 
skull such as bregma and lambda were used as a guide for leveling the skull surface and 
marking stereotaxic coordinates. Craniotomies were made over the hindlimb 
sensorimotor region (0.5-2.0 mm posterior to bregma, 1.25-2.75 mm lateral to the 
midline). The dura mater and the pia mater were removed and a 16-channel Teflon coated 
stainless steel microwire array (arranged in a 4X4 square grid) was slowly lowered until 
the large amplitude characteristic layer V-VI pyramidal neurons were encountered. The 
electrode was covered with agar and cemented in place with dental acrylic. The animals 
were allowed to recover for a period of one week before starting the experiments.  
Experimental Timeline 
The experiments were carried out in two different control modes based on the factor 
controlling the delivery of reward. In the Behavior Control (BC) mode, the animal was 
rewarded if the appropriate pedal press behavior was performed in response to the chime 
cue. In the Neural Control (NC) mode, the animal was rewarded based on its neural 
activity during the press. Initially, during NC mode, the animal was still free to press the 
pedal but eventually, during subsequent recording sessions, the pedal was removed (NC 
w/o pedal) and, finally, the animal was transected and retested in the task (post TX). It is 
important to note that in this task, the animals did not have visual feedback indicating 
their progress towards reward. 
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Animals were first recorded under BC mode for approximately 4 weeks. Off-line analysis 
was performed daily to assess the neural performance. To do this, a neural population 
function (NPF) was generated by calculating a weighted sum of spike counts in 100 ms 
bins for all the neurons in the ensemble. The weights used in the NPF were generated 
using a combined principle component/independent component analysis algorithm. A 
peak, either preceded by or followed by a trough, in the smoothed NPF, typically 
represented pedal press behavior. After each chime cue, the NPF value was required to 
exceed the higher of a set of two thresholds, as well as drop below the lower threshold. 
This was considered a true positive. During baseline, when the animal was typically 
sitting quietly, the NPF crossed neither of these thresholds. The thresholds were set such 
that the true and false positive rates matched the behavioral performance of the animal. If 
off-line neural performance reached our criteria (90% TP and <10% FP) the animals 
continued to be tested in BC mode to acquire sufficient baseline data and were then 
moved to NC mode.  
After completion of recordings in BC mode, the animals were run in the NC mode 
on all subsequent recording days. To get weights for the NPF and to obtain the 
thresholds, the activity from the previous recording day was used. The data from the 
previous NC mode recording session were analyzed off-line in a manner similar to that 
described for off-line analysis during BC mode. During NC mode, the animal was 
rewarded if the NPF crossed the thresholds derived from the previous day within a time 
period of 3 seconds after the chime. This process continued even after the pedal was 
removed and post transection.  
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Single Neuron Recordings  
During both modes of the experiment, tethered cables are connected to amplifying 
headstages that are plugged into the electrode connectors on the animal’s head. The 
signals from the electrodes are further amplified, band-pass filtered between 100Hz – 
8kHz and sampled at 40,000 KHz using the Multi Neuron Acquisition Processor (MNAP, 
Plexon Inc., Dallas, TX). Single units were discriminated online based on their waveform 
characteristics using custom software (Sort Client, Plexon Inc.) before each recording 
session. Pedal pressing activity was transduced using a linear position sensor (P112, 
Positek, Cheltenham, UK) and sampled at a rate of 200 Hz. The output of this sensor 
allowed us to continuously track the end-point position of the limb during the task, from 
which four movement parameters were derived on each trial: reaction time, as well as the 
amplitude, peak velocity and duration of the press. 
Spinal Transection 
Animals were anesthetized with 4% isoflurane, maintained with approximately 1.5% 
isoflurane, given prophylactic antibiotics (ampicillin 100 mg/Kg) and analgesic 
(buprenorphine 0.05 mg/Kg) after the surgery. A laminectomy was performed at thoracic 
level (T8/T9) to expose one spinal cord segment. A #10 scalpel blade was used to remove 
the dura. The cord was transected with iridectomy scissors followed by aspiration to 
remove 2 mm of the spinal cord. The lesion was confirmed visually with 20X 
magnification. The muscle and skin were sutured in layers with 4–0 silk. Animals were 
given 10 ml of lactated ringer’s solution, placed on a heating pad until they recovered 
from anesthesia and then returned to their home cage. The animal’s cage was kept on a 
heating pad and their bladders were expressed 3 times daily until the onset of 
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spontaneous bladder evacuation (7–10 days). Once the animals recovered from surgery (7 
days max), they returned to the pre-transection (pre-TX) water restriction levels for the 
next 5–7 days and then retested. 
Data Analysis 
Behavioral Events. 
To examine the neuronal firing patterns three behaviorally relevant time points were 
defined, 1) chime defined as the time of the auditory cue, 2) start-press defined by the 
initial deviation of the amplitude sensor from its baseline, 3) end-press defined when the 
amplitude sensor registered a return to baseline after the press was completed.  
Movement Parameters. 
One of the goals in this study was to determine if the motor program of the animals to 
move the hindlimb could be decoded on a single trial, in real-time. Therefore, as a first 
approximation, we examined our ability to decode hindlimb movement by defining four 
parameters describing this movement, 1) the amplitude of press which is the distance 
from the baseline position of the pedal to the point of maximum deflection, 2) reaction 
time to press is the time between chime and start-press 3) speed of the press is the peak 
instantaneous downward velocity and 4) duration of press is the time between start-press 
and end-press.  
Event Windows. 
The behavioral events, defined above, were used as reference points to align the neural 
activity in three windows to allow the identification of the behavioral event that best 
modulated the neuron’s activity. The preparation window started from the chime event 
and extended 1.5 seconds after chime. The initiation window was referenced to the start 
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of press event and extended in 0.75 seconds before and after the event. 
The movement window was referenced to the end press event and started from 1.5 
seconds before the end press event. These windows were used to analyze the neuronal 
firing patterns, correlations and information encoded during the task. While there is 
considerable overlap in these time windows, the important consideration is not the length 
of the window but the reference point used to align the neural activity. This has the 
greatest impact on the peak and the latency of the neuronal response, as well as how the 
information is generated. 
Measures of Neuronal Activity 
Peri-event time histograms (PETH) were obtained in the windows relative to the three 
events as defined above in a manner similar to our previous work for quantifying 
neuronal activity averaged over multiple trials (refs). The average background-firing rate 
for each neuron was calculated using a pre-chime window of length 1.5 seconds. The 
response region was defined by smoothing the PETHs using a zero-phase distortion 
moving average filter of length 5 bins (25 ms) and noting when the response exceeded 
the 99% confidence bound of a random Poisson process with the same overall mean as 
the cell’s mean firing rate. The response of the neuron to a particular event was 
considered significant if at least three bins in the unsmoothed response window crossed 
the upper limit of the 99% confidence interval of the background average. Only cells with 
a significant response were further analyzed, using the event window that generated the 
largest response. The following parameters were then extracted from the unsmoothed 
PETHs: (a) Response Magnitude (RM): sum of the spikes in all the bins in the response 
window, divided by the total number of trials after subtracting the average background 
 20 
activity. (b) Peak Response (PR): the bin with the maximum number of spikes divided by 
the total number of trials after subtracting the average background activity. (c) First bin 
latency (FBL): The latency of the first bin that crosses the upper bound of the 99% 
confidence interval described above. (d) Last bin latency (LBL): The latency of the last 
bin that exceeds the confidence interval. (e) Peak latency (PL): The latency of the peak 
bin. Differences in these parameters were assessed using a two-way analysis of variance 
(ANOVA) with two factors: event (levels: chime, start press and end press) and 
experimental mode (levels: BC mode and NC mode). Post-hoc analysis was done using a 
Tukey HSD post-hoc test.  
Neuronal Correlations 
 
The correlation between neuronal firing and movement parameters (amplitude, reaction 
time, peak velocity and duration) were measured in a 1500 ms window. Pearson’s linear 
correlation coefficient between each of the four kinematic parameters and the spike count 
in the response window was found for each neuron. All the neurons in a population 
(recorded simultaneously) having a significant linear correlation with any parameter were 
then used to fit a multiple linear regression model. The coefficient of determination R
2
 
was used to evaluate the model fit and differences were assessed using a two way 
ANOVA (factor mode with levels: BC and NC and factor kinematic parameter with four 
levels: amplitude, reaction time, peak velocity and duration). 
Measure of Information  
The PETH-based classification method was used to quantify the amount of information 
about the movement that can be decoded from the activity of the population of neurons. 
For each movement parameter, the trials were sorted based on the magnitude of 
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parameter, and then partitioned into two groups containing the upper 30% and lower 30% 
trials. This was optimally chosen for the current range of movements to classify between 
movements of higher and lower magnitude. The PETH based classifier was used to 
classify between the upper and lower values of each kinematic parameter. The 
information encoded by the neuronal ensemble about the movement was evaluated by 
applying Shannon’s information formula to the classification performance. The PETHs 
were aligned to the three events during the task. The length of the time windows were 
increased in increments of 100 ms until the window length was 1500 ms as described 
below: 
1. Starting from chime going forward upto 1500 ms after chime. 
2. Starting from 1500 ms after chime going backward upto chime. 
3. Starting from end-press going backward upto 1500 ms before end-press. 
4. Starting from 1500 ms before end-press going forward upto end-press. 
5. Starting from start press, the window was incremented by 50 ms in both directions 
till the window length was 1500 ms. 
Bootstrapping 
The final value of information reported was obtained after subtracting the value of the 
bootstrapped information obtained by randomly pairing trials and responses and using the 
same classification method to obtain the bootstrapped information (Magri et al. 2009).  
Dimension reduction using principal component analysis. 
The spikes in the bins of the PETHs described above were transformed using Principal 
Component Analysis and the minimum number of principal components sufficient to get 
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the peak value of information obtained using all the PCs was determined by applying the 
PETH based method repeatedly as the number of PCs used was decreased. 
Trajectory Decoding  
A simple linear filter (Wiener filter) was used to decode the trajectory of the hindlimb 
from the lagged neural activity. The position and velocity of the hindlimb was modeled 
as a weighted sum of the lagged spiking activity of all the neurons recorded 
simultaneously from the hindlimb sensory motor cortex. The basic form of the equation 
describing this is 
𝑦(𝑡) =  𝑏 + ∑ 𝑎(𝑢)𝑥(𝑡 − 𝑢) + 𝜀(𝑡)
𝑛
𝑢=−𝑚
 
where y(t) is the vector of the movement parameters decoded at time t, x(t-u) is a vector 
with the neuronal firing rates at time t with a lag u, a(u) is the vector of weights required 
to fit x(t) to y(t) as a function of the lag, b is the y intercept in this regression and is a 
constant, ε(t) is the residual error term. Neuronal firing rates were sampled using 50 ms 
bins, a lag of 5 bins was introduced between the neuronal firing and predicted kinematic 
parameter. Models were trained with approximately 50% of the data and tested on the 
remaining 50% in a cross validation procedure. Pearson’s correlation coefficient, R, 
between the tested signal (hindlimb position) and the predicted output was calculated to 
determine goodness of fit. A one-way ANOVA with (factor method (with and without 
feedback of the actual position) was used to determine if there were any differences in the 
decoding ability. 
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Figure 2.1. Experimental design for a skilled hindlimb pedal-press task. (A) Schematic of the skilled 
hindlimb task. (1) After a randomized period of 3-5 seconds, the chime was sounded, cueing (2) the press 
and release, which, if completed within three seconds of chime onset, led to (3) a water reward. (B) Trace 
of the position sensor indicating the position of the hindlimb during a single trial of the task (black line). 
The events chime, start-press, and end-press are marked with circles and the arrows indicate the 
preparation, initiation and movement windows, as defined in the text. (C) 16 channel stainless steel 
microwire array with wires of diameter 50 μm, 350 μm row/column spacing and insulated with Teflon 
except at the tip. (D) Left Panel: Adapted schematic of the rat cortex showing somatotopic representations 
(Leergaard et al., 2004). Oval indicates target for array implantation in the hindlimb sensorimotor region. 
Right Panel: Coronal view (schematic) of the rat cortex from Paxinos and Watson 2005, arrows indicating 
the target for the microelectrodes (E) Four kinematic parameters were measured from the position sensor to 
describe the behavior of the animal during the task: reaction time, amplitude, peak velocity and duration.   
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2.3 RESULTS 
 
 
Single neuron activity was recorded from six animals trained to press and release a pedal 
using their hindlimb in response to an auditory conditioning stimulus for a water reward 
(Figure 1). During behaviour control mode (BC), when the animals were rewarded for an 
appropriate press (see Methods), 14 recordings were made from the 6 animals, with an 
average of 36 ± 19 cells (mean ± std) recorded per day, 495 cells total.  During neural 
control mode (NC), when the animals were rewarded based on their neural activity 
during the task (see Methods) a total of 17 recordings were made with an average of 40 ± 
13 cells (mean ± std) per recording day, 689 cells total.  
As expected (Chapin and Nicolelis 1999; Carmena et al. 2003; Song and Giszter 
2011), there were differences in the animal’s press movements during BC mode 
compared to NC mode (Figure 1). There were no differences in the reaction time or peak 
velocity of the animal’s behavior between BC and NC mode.  However, both the duration 
of press (Mann Whitney U test, U =5.4x10
5
, z =-8.615, p<0.001) and the amplitude of the 
press (Mann Whitney U test, U =4.93x10
5
, z = -11.983, p<0.001) were shorter during NC 
mode than BC mode, suggesting differences between the behavior of the animal under 
NC mode compared to BC mode (Figure 1). Therefore, the animals made smaller, 
quicker movements during NC mode than during BC mode. 
Despite these differences in movement during the task, there were no differences 
in performance (ability to acquire a reward) between BC mode and NC mode. The 
number of True Positives (TP) and the number of False Positives (FP) measured 
performance.  TPs and FPs during BC mode were evaluated by the position of the 
amplitude sensor while TPs and FPs during NC mode were evaluated by the NPF (see 
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Methods).   When performance under NC mode was compared to that during BC mode 
(Student’s t-test, p>0.05 for both TP and FP) there were no differences, demonstrating 
that neural activity can be used to replace hindlimb behaviour for a water reward. 
Neuronal activity in the hindlimb sensorimotor cortex is modulated during the task  
As expected, a majority of cells recorded from HL SMC modulated their firing 
rate during the task in both BC and NC mode.  Because we expected that different cells 
would modulate their firing in response to different aspects of the task (Widajewicz et al. 
1994) for each cell, three peri-event time histograms (PETHs) were constructed, each 
time-locked to one of three different events during the task: the chime cue, the start of 
press, and the end of press (see Methods). The total number of cells responding to any of 
the events was 422 out of the total of 495 cells (85%) in the BC mode and 509 out of the 
689 cells (74%) recorded in the NC mode.  
Although there were no differences in the firing rate across the three different 
events, there were important differences depending on whether the recordings were done 
during BC mode or NC mode (Figure 2, two factor ANOVA). The average response 
magnitude during NC mode was higher than that during BC mode [F(1, 1100) = 4.5547, 
p<0.05]. In a similar manner, the average peak of the response (5ms bin), during NC 
mode was significantly greater than during BC mode [F(1, 1100)=5.7867, p <0.05]. On 
the other hand, the latency of the responses did not significantly change across the 
different experimental modes. The responses of the cells during BC mode (3.39 ± 0.402 
spikes/trial) and NC mode (4.88 ± 0.406 spikes/trial) were greater than their responses 
during passive cutaneous stimulation (0.255 spikes/trial) or during treadmill locomotion 
(1.49 spikes/trial). This is consistent with earlier work showing that flexion and extension 
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of the limbs to step over an object results in increased activity of HL neurons compared 
to activity generated during stereotypic treadmill locomotion (Widajewicz et al. 1994).  
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Figure 2.2. Single neuron activity during the hindlimb task.  (A) Peri-event time histograms (PETHs) and 
spike rasters for a representative neuron aligned to different events (chime, start-press, end-press) during 
the task for BC (left panel) and NC (right panel) mode. The y-axis represents the probability of a spike 
occurring in a bin of size 5 ms, x-axis represents the time from the event around which the PETH is 
centered in seconds. Trials are sorted by the duration of the press as measured from the reference event. 
Open circles in the rasters mark the end of press. (B) Differences in neurophysiological parameters (left 
panel-response magnitude, peak response; right panel- response latencies) between NC and BC mode. See 
Methods for description of parameters. (C) Differences in the four kinematic parameters between modes: 
behavioral control (BC) and neural control (NC). Asterisks indicate a significant difference.   
 
Neural activity is correlated to the parameters of movement 
The firing rate of most cells was correlated to at least one of the parameters of 
movement (Figure 3A). In BC mode, the firing rate of 26% of the total 495 cells recorded 
was significantly correlated to the amplitude of press, 35% to the reaction time, 23% to 
peak velocity and 36% to the duration of press in at least one of the 3 windows. In NC 
mode, a similar pattern of activity was found; the firing rate of 30% of the total 689 cells 
was correlated to amplitude, 40% to reaction time, 18% to peak velocity and 39% to the 
duration of press in at least one of the 3 windows. 
However, firing rates were better correlated during NC mode than BC mode 
(F(1,112) =11.503,p<0.001).  There was also a significant main effect of the movement 
parameter (F(3,112) = 3.278, p<0.05). This was due to the fact that the neurons had a 
significantly higher correlation to duration (R
2
BC=0.309, R
2
NC=0.480, Tukey HSD post-
hoc test, p<0.05) than to amplitude, reaction time or speed of press (Figure 3B).  
Therefore, different cells were tuned to a particular movement parameter and they were 
better tuned during neural control than behavioral control. 
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Figure 2.3. Correlations between the kinematic parameters of movement and the neural activity.  (A) 
Magnitude of kinematic parameters (y-axis) plotted as a function of spike count for representative single 
neurons from the BC mode (x-axis). Each data point corresponds to a single trial and the line is a linear 
regression. (B) Coefficient of determination (R
2
) between the kinematic parameters and the numbers of 
spikes in the response window were different across modes (BC, NC) (top panel) and across kinematic 
parameters (bottom panel).  
 
More information is generated faster during neural control than behavioral control  
There is information in the activity of these cells about hindlimb movements but 
this activity is substantially different during NC mode compared to BC mode (Figure 4).  
The information about 3 of the parameters, amplitude, reaction time and duration of the 
press were successfully decoded and the amount of information was found to be 
influenced by the time window used to measure it. In the BC mode, the maximum 
information that could be decoded about the amplitude of press was 0.105±0.03 bits and 
this was in a window around the start of press. The maximum information about reaction 
time was decoded from the window after the chime and was equal to 0.424 ± 0.06 bits. 
The maximum information about the duration of press was decoded from the window 
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around the start of press and was equal to 0.384 ± 0.059 bits. In the NC mode, the 
maximum information that was decoded about amplitude was 0.185±0.05 bits, about 
reaction time was 0.533 ± 0.08 bits and about duration was 0.538 ± 0.073 bits, in the 
same windows respectively.  
Importantly, more information was encoded during NC mode compared to BC 
mode, and the information was obtained faster during NC mode than BC mode.  There 
was a significant main effect of the window length as well as the mode (two factor 
repeated-measures ANOVA). The information was significantly greater during NC than 
BC (F(1,91) = 9.0646, p=0.00337). In the BC mode, the information obtained using any 
window less than 900 ms was significantly less than the peak information obtained using 
the entire 1500 ms window (Tukey HSD post hoc test, p<0.001). In the NC mode any 
window less than 500 ms had significantly less information than the peak value of the 
information (Tukey HSD post hoc test, p<0.001). There was also a significant interaction 
effect between the window length and the mode (F(14,1274)=2.6500, p=.00081), 
suggesting that the increase in the information occurred differentially in the two modes, 
and in this case was significantly faster in NC than BC mode. Therefore, the modulation 
of neuronal firing patterns during NC mode compared to BC mode, identified earlier, 
results in an increase in the information conveyed by the neurons about the motor 
program to press.   
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Figure 2.4. Information encoded by populations of neurons about the kinematics of hindlimb movement. 
The PETH based classification method was used to quantify the information encoded by simultaneously 
recorded neurons about each of the movement parameters in two modes of the experiment: BC (left panel) 
and NC (right panel). Starting from each event (chime, start-press or end press) the window size was 
incremented by 100 ms. The information is corrected by subtracting the value of the information obtained 
by shuffling the trials (bootstrapped, see methods). For events chime and end press the windows were 
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incremented from the start and end of the previously used windows and incremented by 100 ms in the 
forward and backward direction respectively. For the start press event, the window was incremented by 100 
ms around the event.   The y axis represents the information value in bits, averaged across all recording 
days. The x axis represents the size of the time window in milliseconds.   
 
PCA for dimension reduction is more efficient during neural than behavioral control 
With an increase in the number of simultaneously recorded neurons to control a 
brain machine interface or a neuroprosthetic, there arises a need to reduce the high 
dimensionality of the dataset in order to improve speed and computational efficiency. To 
test the feasibility of reducing the dimension of neural data(Chapin et al. 1999; Laubach, 
Shuler, and Nicolelis 1999), principal components (PCs) were used to replace the single 
neuron spiking data and the information was assessed. While there was no difference in 
the number of components that account for 90% of the variance in either mode (Students 
t-test, t(91) = -1.1167, p = 0.25), there was a significant main effect of the first factor, 
percentage of PCs used (two factor repeated-measures ANOVA, see Methods) . In the 
BC mode, at least 30% of the PCs were required to get values similar to the maximum 
amount of information (Tukey HSD post hoc test, p<0.001), but in the NC mode only 
10% of the PCs were required (p<0.001). There was also a significant effect of the 
second factor, mode of the experiment. The information (F (1, 91) = 9.6580, p=0.00252) 
conveyed by 10% of the PCs in NC mode was significantly greater than that during BC 
mode using 30% of the PCs. There was a significant interaction effect between the 
percentage of PCs used and the mode (F (10,910) =3.2819, p=.00035) confirming that the 
increase in the information by adding more PCs was significantly faster in NC than BC 
mode (Figure 5A).  
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Linear decoding algorithms can decode the movement trajectory 
Notably, a simple linear filter was able to reconstruct the trajectory of the 
hindlimb as it pressed the pedal (Figure 5B). Moreover, the information was encoded 
equally well during NC mode, when the animals is rewarded for its neural activity 
compared to when the animal is rewarded for its behavior, confirming that the neural 
activity is continuing to encode for the trajectory of the movement during NC mode.   
To test different potential approaches for a clinical application of BMI, the 
prediction accuracy without feedback was compared to the prediction accuracy with 
feedback. As expected, the prediction accuracy (measured by the R
2 
value between the 
actual and predicted signal, see Methods) was better when feedback about the position of 
the limb from the previous moment in time was incorporated compared to when it was 
not (One way ANOVA; factor- Method (with feedback, without feedback); 
F(1,58)=55.529, p<0.001). Therefore, it is clear that using the position of the limb 
improves the prediction accuracy; however, it also makes the implementation of a 
neuroprosthetic more complicated.  
Finally, due to the asymmetrical nature of the task, we compared prediction of the 
limb trajectory using only the neurons from the contralateral (brain hemisphere opposite 
to the limb that was used to press the pedal) or ipsilateral hemisphere to the prediction 
when combining neurons from both sides of the cortex (Figure 5C).  While there was 
clearly information about limb trajectory encoded by the neurons ipsilateral to the limb, 
as expected, the neurons contralateral to the limb encoded more information. In fact, 
using the information from neurons on both sides did not improve prediction compared to 
that provided by contralateral neurons. (One-way ANOVA with factor side, 
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F(2,108)=18.806, p<0.001; Tukey HSD post-hoc, contralateral versus ipsilateral, 
p<0.001, versus combined, p =0.230) 
 
Figure 2.5. Dimension reduction using principal component analysis. (A) The spike data from the single 
neurons was used to calculate the principal components (PCs) which were then used to decode information 
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about the press in terms of the behavioral parameters, amplitude, reaction time and duration of press. The 
information that can be decoded is plotted as a function of the percentage of principal components used to 
find this information in BC mode (left panel) and NC mode(right panel).  Grey rectangle represents 
minimal percentage of PCs needed such that the amount of information is not different when 100% of PCs 
are used. (B) An example of reconstruction of the trajectory of limb movement using Wiener filter from the 
BC mode.  Comparison of the position of the hindlimb (grey) and its prediction using a linear Wiener filter 
(black) without feedback (top panel) and with feedback of the position of the limb (bottom panel). (C) 
Comparing the prediction of trajectory using only the neurons from the contralateral side (brain hemisphere 
opposite to the limb that was used to press the pedal) to that of the ipsilateral side and when combining 
neurons from both sides of the cortex. The y-axis represents the R
2 
value between the predicted and actual 
trajectory for these three conditions- ipsilateral, contralateral and combined.   
 
Neural activity in the absence of movement 
To test the impact of removing the pedal on neural encoding, we compared the 
neuronal responses after the pedal was removed (6 animals, 46 recordings,  average of 43 
± 15 cells per recording day, 2014 cells total) to those during behavioural control and to 
responses during neural control when the animal could still press the pedal.  The neural 
responses were sufficiently similar to those generated during behavioral control to be 
used on a single trial to trigger a reward to the animal (Figure 6A).  In fact there were no 
differences in the online performance during NC mode without the pedal when compared 
to that with the pedal (Student’s t-test, p>0.05).  
However, there were significant differences in the responsiveness of the neurons 
across the different modes of recording (Figure 6D top panel, Kruskal-Wallis Test, 
dependent variable - response magnitude, H(3,5993) = 116.97, p<0.001). When the pedal 
was removed, the neural activity after the tone increased compared to the activity when 
the animal could still press (RMNC without pedal > RMBC, Mann-Whitney U post-hoc, 
p<0.001). Moreover, the signal-to-noise ratio (SNR) of the response when the pedal was 
removed was greater than when the animal could press the pedal (Figure 6B). This 
 35 
increase in SNR was due to a reduction in the noise as well as the increase in the 
magnitude of the signal.   
After transection (TX), animals were retested in the task (4 animals were used to 
obtain 92 recordings, with an average of 43 ± 5 cells per recording day, 4000 cells total). 
The neuronal activity during the task was reduced to levels originally seen during BC 
mode (Figure 6D top panel) and was significantly less than during NC mode without 
pedal (p<0.001). The average number of neurons recorded remained stable but the firing 
rate of only 65% of the recorded cells were modulated during the task after TX, 
significantly impacting on-line performance. In fact, on-line performance was initially so 
low that the animal was given drops of water to maintain its interest in the task despite 
the fact that its neural activity would not have triggered a reward.  This reduction in 
response magnitude did not improve with time post TX (Figure 6C, bottom left panel)  
and was initially accompanied by a surprisingly high loss in information about the task 
during the early TX stage (first 30% of recording days of each animal). The information 
about the motor program was reduced, well below behavioral control levels (0.75 ± 0.17 
bits of information during BC mode compared to 0.51 ± 0.05 bits immediately after SCI, 
t-test: p<0.05), suggesting a disruption of the network ensemble that encoded information 
about the press. However, over time, the network re-learned the task and by the late TX 
stage (last 30% of recording days) the amount of information decoded (0.76 ± 0.03) was 
significantly increased to levels seen pre-TX (Figure 6C bottom right panel). This 
increase in the amount of information encoded was accompanied by an increase in on-
line performance. The rate of increase was independent of the time post-TX and took 
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approximately 10-15 days.  (Figure 6C). This increase in formation was not accompanied 
by any recovery in the firing rate of the cells.  
 
Figure 2.6. Impact of pedal removal and complete spinal transection on information conveyed by the 
neurons about the motor program to press. (A) A single trial neural population function plotted as a 
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function of time for BC mode, NC mode with the pedal, NC mode without the pedal and post transection 
(TX).  Thin line, over the population functions for BC and NC with pedal modes, is the output of the 
amplitude sensor. (B) The average neural population function during a single recording day for BC, NC, 
NC without pedal, early and late TX stages. Number in each panel refers to the average signal-to-noise 
ratio (mean ± std). (C) Information as a function of absolute time post-TX. Top panel: This is the data from 
one of two animals that were returned to water restriction quickly and reintroduced into the task within 10 
days post TX. Despite the quick return to the task, the neurons from this animal also initially conveyed 
small amount of information about the task but were able to reorganize within a similar time frame to 
convey information similar to that show during behavioural control (see dotted line). Bottom panel: This is 
the data from one of two animals that were slowly returned to water restriction schedules and introduced 
into the task 30 days post TX. It took approximately 10 days for the neurons to reorganize to convey 
information similar to that shown during behaviour control (dotted line). (D) Top panel: Comparison of the 
average response magnitudes of the single neurons during the task across the four modes. Bottom left 
panel: Comparison of the response magnitude of the single neurons during the early (first 30%) recording 
days after complete spinal transection to the late (last 30%).  Bottom right panel: Comparison of the 
information about the motor program to press during the early recording days after TX to the late recording 
days  
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2.4 DISCUSSION 
While the idea of a brain-machine interface for restoration of forelimb movement 
has been shown to be feasible, those studies were conducted in healthy animals with aid 
of visual feedback.  By translating studies to the hindlimb, the data presented here show 
for the first time that BMI to control limb function can be used in the absence of visual 
feedback and after a complete spinal transection. The complete spinal transection de-
afferents and axotomizes the neurons that control the BMI. An advantage of this model is 
that there are no spared fibers to confound the interpretation and our result show that 
these neurons reorganize to convey sufficient information about the motor program for 
the animals to gain a reward.   
Role of the rat model in studies of BMI 
An important question since the first study of BMI in rats was repeated and 
extended to non-human primates is whether there is a role for rats in the study of BMI. 
Despite the fact that the task used here was relatively simple compared to some of the 
more recent BMI studies in primates (M. D. M. D. Serruya et al. 2002; Carmena et al. 
2003; M. M. a Lebedev, O’Doherty, and Nicolelis 2008; Velliste et al. 2008; Ethier et al. 
2012), the rat model has an important role in BMI studies. First, the data presented here 
and our earlier work on rat BMI (Chapin et al. 1999) demonstrate remarkable similarity 
of our results to a broad range of results from primate studies on the upper limbs 
demonstrating that 1) the impact of BMI in the rat model is similar to the impact of BMI 
in the primate model and 2) the impact of BMI on the hindlimbs is similar to that on the 
forelimbs. Studying BMI for restoration of hindlimb function is important because more 
SCI patients have their hindlimb affected than their forelimbs.  
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Second, it is well established that nonhuman primates do not navigate complex 
terrains (uneven terrain, ramps, stairs, etc) in a manner similar to humans and, therefore, 
it is unlikely, even for studies of hindlimb function in monkeys, that the decoders would 
be directly translatable to humans. Therefore, the goal of these studies is not to develop 
decoders that can be directly translated, but rather to understand the principles of BMI. 
The data presented here demonstrate that the principles of BMI established in primates 
are also relevant for the rat, making them a good model for the study of neural coding in 
BMI. 
Finally, looking forward to future studies for the role of BMI after injury, the rat 
model of SCI is one of the best studied animal models of SCI and future work to combine 
therapies after SCI with BMI would most likely be done in the rat model first. Although 
still an open question, we expect the impact of BMI and SCI on the ability of neurons 
within the primary HL-SMC of rats to encode for hindlimb extension and flexion to be a 
very good indicator of the impact of SCI on encoding in human primary motor cortex for 
control of a BMI. Of course, this will need to be tested by continuing to make 
comparisons between the different animal models available and human studies. 
Impact of neural control on single neuron responses during pedal press 
The information decoded about the kinematics of hindlimb press is consistent 
with the earliest studies of neuronal activity in the HL motor cortex confirming that these 
neurons are modulated by hindlimb movement (Widajewicz et al. 1994; Drew et al. 
1996). Here, we extend those results to show that neural activity was correlated to the 
magnitude of the movement parameters during the task.  This correlation is similar to 
previous studies of the modulation of cells recorded from the forelimb motor cortex in 
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response to skilled forelimb reaching tasks (Hermer-vazquez et al. 2004; Hyland 1998). 
Overall, we observed high correlation values for reaction time and duration of press 
implying that the cortical resources were largely utilized in encoding the temporal aspects 
of the task; however, further studies are needed to confirm this. The reason for this could 
be attributed to the nature of the task, where the animal was trained to press within a 
certain time window (3 seconds) in order to be rewarded.   
Neurons in the HL SMC were also correlated to more than one movement 
parameter suggesting that cells in the hindlimb cortex may be able to encode for multiple 
kinematic parameters simultaneously, consistent with studies of encoding of both 
forelimb/arm and hindlimb movements (Carmena et al. 2003; Fitzsimmons et al. 2009).  
Furthermore, certain parameters were better decoded from different windows of time 
during the task, consistent with forelimb studies (Evarts 1968; Tanji and Evarts 1976). 
This correlation between the magnitude of the neural response and the magnitude of the 
movement parameter was functionally relevant because the trajectory of hindlimb 
movement was well modeled by a linear combination of neural activity, extending the 
findings of studies on the kinematics of walking patterns (Fitzsimmons et al., 2009, Song 
et al., 2009). 
Decoding information during pedal press 
There was an increase in neuronal activity during NC mode compared to BC 
mode and this increased activity contributed to an increase in information conveyed by 
the neurons. This increase is consistent with earlier studies using neural control to replace 
forelimb movements but greater than what would have been expected from those studies 
(Carmena et al. 2003; Zacksenhouse et al. 2007). This is likely due to the fact that in our 
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study, the animal did not have independent feedback (e.g. visual) regarding its 
performance during the task.  This is important because learning in the brain machine 
interface paradigm without visual feedback is required for control of lower limb function.  
In the forelimb studies, visual tracking during the movements provided the animal with 
constant feedback about its progress while our animals were required to wait 500 ms after 
task completion to obtain their only feedback about the neural control, a water reward.  
This may have made the task more challenging, and hence produced greater cortical 
modification and the significant increase in information.  The degree of cortical 
modulation has been shown to increase with increased complexity of a learned task (J. A. 
Kleim et al. 2011; J. A. Kleim et al. 2014). Therefore, our data support earlier studies that 
increased functional plasticity in the cortex is proportional to the skill required to 
successfully complete the task, independent of the movement. 
The fact that more information could be generated faster during NC mode than 
BC mode is consistent with the formation of a novel brain state.  Practice in a BMI 
paradigm results in functional reorganization (Carmena et al. 2003; Jarosiewicz et al. 
2008) suggesting that the cortex is capable of integrating an external interface into its 
own representational layout (Kennedy and Bakay 1998; Ganguly et al. 2011). These 
differences in neural coding between NC and BC mode clarifies earlier reports and now 
establishes that differences in the reward schedule alone between behavioral control and 
neural control are sufficient to induce changes in neuronal firing patterns in contrast to 
previous studies that relied on visual feedback during the task (Fetz and Finocchio, 1971, 
Zacksenhouse et al., 2007). 
 42 
Differences in the brain state during neural control compared to behavioral 
control are further evidenced by the way the information is encoded. The increased 
average contribution of single neurons to decoding performance and the increased 
correlation between pairs of neurons contributes to more efficient encoding during neural 
control as evidenced by the reduction in the number of Principal Components necessary 
to decode the information.  This was true for all of the parameters of kinematic 
movement tested. Yet, the distribution of the information across the components was still 
relatively complex during NC mode, requiring at least 12 components to maximize 
decoding. As a comparison, the sensory information related to whisker stimulation in the 
rat is contained in the first 3-8 components (Chapin and Nicolelis 1999). Therefore, this 
is not due to the animal substituting encoding of the kinematics of movement with a 
simple increase in firing rate for a reward. 
It is important to note that during NC mode, when the animal could still press the 
pedal, there were reductions in the movement, including a smaller amplitude and shorter 
duration of press compared to BC mode.  Similar to studies in primates, this behavioral 
manifestation suggests that the animal recognizes something different about NC mode 
compared to BC mode and is likely due to processing of execution-errors when the 
animal first begins in NC mode (Zacksenhouse et al., 2007). Here, we extend that idea to 
a task with no visual feedback and to the hindlimb system. The relatively small reduction 
in movement with concomitant increase in information about the parameters of 
movement further supports a change in brain state during NC mode compared to BC 
unrelated to visual feedback. 
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Decoding information in the absence of movement 
When the pedal is removed, the magnitude of the response and the information 
about the motor program further increases. Given the limitation of this study, it is not 
possible to know if the animal is still engaging muscle groups and applying downward 
pressure despite the removal of the pedal. We expect that, based on our earlier work 
(Chapin et al. 1999) that this is unlikely, because the animal learns fairly quickly that 
they do not have to press to gain a reward. Moreover, the fact that there was a decrease in 
the variance of the baseline activity (noise) during the post auditory cue window suggests 
a lack of sensorimotor activity after the pedal was removed which suggests a decrease in 
muscle activation, but cessation of all activity cannot be confirmed. 
It is only after the complete spinal transection that we can be sure that there is no 
motor output in response to the decoded motor program. Initially, after the transection, 
the magnitude of the response of neurons to the cue was reduced.  This reduction was 
accompanied by a reduction in information about the motor program to press.  The loss in 
information is likely due to the fact that these neurons become deafferented and the axons 
of many of these cells are severed. Importantly, despite the fact that the reduction in 
response magnitude persisted for the duration of recording, information about the motor 
program to press increased over time, suggesting that the neurons reorganize to convey 
information about the motor task - they do not simply increase their firing rate to gain a 
reward.  Therefore, neurons in the deafferented HL SMC that have been cut-off from 
their normal outputs can still organize to convey information about the motor program to 
press the pedal despite a significant reduction in neuronal activity. 
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The fact that the HL SMC reorganized to convey information about the motor 
program to press after a complete TX is consistent with the findings of Fetz and 
colleagues (Fetz 1996; Moritz and Fetz 2011; Moritz, Perlmutter, and Fetz 2008) 
demonstrating the ability to condition cortical cells to modulate their firing in exchange 
for a reward, even if the conditioning occurred outside any relevant behavioral context.   
Importantly, the data presented here show that this can be accomplished even in the 
injured brain and without simply increasing neuronal firing rate. It is likely that our 
results are similar to the well-established work showing that the healthy motor cortex is 
capable of modifying its own activation patterns to allow the acquisition and practice of 
new motor skills (Nudo and Milliken 1996; J. A. Kleim et al. 2011; J. a Kleim et al. 
2002; Nudo, Plautz, and Frost 2001; T. a Jones et al. 1999; Monfils, Plautz, and Kleim 
2005).  Our data extend this idea to show that this phenomenon is a general property of 
the motor cortex, not restricted to the forelimb motor cortex, occurs in the absence of 
visual feedback about the task and after a complete spinal transection. These are 
important conclusions that advance our understanding of neuroprosthetic control for 
clinical applications. 
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Chapter 3: Changes in sensorimotor representation and locomotor recovery 
after combination of therapeutic interventions 
3.1 INTRODUCTION 
 
Complete spinal cord injury in adults leads to total loss of sensation and severe motor 
paralysis below the level of the lesion (Waters et al 1992, Dietz et al 1994, Buchanan and 
Ditunno 1999). There is a disconnection between the supraspinal circuits above the lesion 
that control voluntary locomotion and spinal circuits below the lesion involved in 
rhythmic locomotor pattern generation. Studies have shown that after complete spinal 
cord injury, it is possible, through suitable interventions, to activate, maintain and 
improve the functionality of these intrinsic spinal networks also called ‘central pattern 
generators’ (Sten Grillner et al. 2005; Kiehn 2006; Dimitrijevic, Gerasimenko, and Pinter 
1998; Susan J Harkema et al. 2012; Angeli et al. 2014; Lynskey, Belanger, and R 2008; 
Courtine et al. 2009; Shah et al. 2013a). More recently studies, both in humans (Curt, 
Alkadhi, et al. 2002; Cramer et al. 2005; Curt, Bruehlmeier, et al. 2002; Hoffman and 
Field-fote 2007) and animals (P. D. Wall and Egger 1971; N Jain, Catania, and Kaas 
1997; Bruehlmeier et al. 1998; Green et al. 1998; Endo et al. 2007; Ghosh et al. 2009; 
Ghosh et al. 2010; Graziano et al. 2013; Ganzer et al. 2013; Zörner et al. 2014; Neeraj 
Jain et al. 2008) highlight the role of plasticity in supraspinal networks in improving 
locomotor function after SCI. Recovery of sensory and motor function after SCI depends 
on the extent of injury, the age at which the injury occurs and the therapeutic intervention 
chosen for rehabilitation. These factors also determine the extent of reorganization in the 
brain after injury, which plays a significant role in recovery of function (Nishimura et al. 
2007; Ramanathan, Conner, and Tuszynski 2006; Girgis et al. 2007; Simon F Giszter et 
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al. 2008; Tina Kao et al. 2009; Ghosh et al. 2010; Sydekum et al. 2013; T. Kao et al. 
2011; van den Brand et al. 2012). Cortical circuits are typically ‘silenced’ or become 
unresponsive in the absence of any therapeutic interventions after a complete SCI in 
adults (N Jain, Florence, and Kaas 1995; Ghosh et al. 2010). Chronically administered 
therapeutic interventions after adult SCI, such as pharmacological agonists (Antri et al. 
2003; Courtine et al. 2009; Landry et al. 2006; van den Brand et al. 2012), electrical 
stimulation of the spinal cord (R. M. M. R. Ichiyama et al. 2005; R. M. Ichiyama et al. 
2008; Y. P. Gerasimenko, Roy, and Edgerton 2008; Lavrov et al. 2008; S. J. S. J. 
Harkema et al. 2011; Y. Gerasimenko et al. 2005; P. E. Musienko et al. 2010) and 
activity-based exercise therapy (Barbeau and Rossignol 1987b; Lovely et al. 1986; 
Edgerton et al. 2008; R. M. Ichiyama et al. 2008; V Dietz and Harkema 2004c; Y. P. 
Gerasimenko et al. 2006; Courtine et al. 2009) induces plasticity in these spared networks 
above and below the lesion. They reactivate dormant spinal CPG networks as well as 
induce remodeling of surpaspinal networks, jointly mediating recovery of functional 
outcomes.  
So far most studies that report extensive recovery of locomotor abilities are in partial 
injury models, which allow for spared fibers to sprout and rewire in the tissue bridge 
reconnecting the locomotor circuits above and below the lesion (Rossignol et al. 1996; 
Raineteau and Schwab 2001; Kalenscher et al. 2006; Carmel et al. 2010; van den Brand 
et al. 2012; Bachmann et al. 2013). However remodeling for bridging the lesion is not 
possible in case of a severe and complete spinal cord injury, which entails almost 45% of 
patients (SCI facts and figures at a glance 2014) but has not been studied as extensively. 
One such study suggests that only active overground training using a robotic postural 
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interface can promote cortical plasticity and locomotor recovery after a severe SCI (van 
den Brand et al. 2012). They used electrical stimulation combined with systemically 
administered pharmacological agonists and bipedal locomotor training on the treadmill 
and overground with a robotic assistance. However some of their results stand in contrast 
to studies showing extensive reorganization in the somatosensory cortex (Graziano et al. 
2013; Ganzer et al. 2013) after simpler passive exercise such as bicycle exercise or bike 
exercise combined with pharmacotherapy. Further their generalization that such a 
complex therapeutic intervention should be used clinically for SCI patients is not 
warranted considering that they use an injury model that is not clinically common, and 
the fact that these animals have not been tested in the open field without assistance of the 
robotic interface. 
In our study, we used a model of complete spinal cord injury to eliminate confounding 
factors that arise from spared fibers or transmission of sensory/motor signals through the 
lesion. We chronically administered a combination of therapies for 12 weeks including 
bike exercise, weight supported quadrupedal treadmill training paired with systemic 
administration of 5-HT agonists (Full Therapy). These therapies were designed to both, 
maintain the functional state of the cord below the lesion and optimize reorganization of 
sensorimotor circuits above the level of the lesion, which is critical for improvement of 
function. We measured locomotor recovery using the percentage of weight-supported 
steps taken during treadmill locomotion and the BBB score for locomotor movements in 
the open field. Using electrophysiological mapping techniques we tracked changes in the 
representation of sensory and motor information in the deafferented cortex. Our results 
show that these therapies promote weight bearing in the hindlimbs, an important 
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milestone for functional improvement after a complete SCI. Further, we show that after 
12 weeks of therapy, neurons in the deafferented hindlimb cortex encode for sensory 
information from the intact forepaws and the same region has an enhanced motor 
representation of axial trunk musculature. It is likely that these enhanced resources to 
process sensory information from intact forepaws could enable these animals to better 
maintain posture and stability. This coupled with a higher degree of control over upper 
trunk musculature could enable these animals to lift their vertebral column to allow 
functional weight supported stepping in the open field. From a clinical perspective, these 
results hold great promise for simpler, non-invasive and inexpensive therapies after 
severe SCI towards functional improvements such as unassisted weight bearing, standing 
and stepping.  
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3.2 METHODS 
 
Experimental Design 
 
Transected animals were divided into two groups based on the type of therapy they 
received: 1) Full Therapy group:  5-HT agonists, bike exercise and treadmill training or 
2) Sham Therapy group: saline injections, stationary bikes, stationary treadmill or 3) 
Intact group: uninjured control animals. Similar to our previous study (Ganzer et al. 
2013), doses of drug (Sigma–Aldrich, St. Louis, MO) consisted of a combination of the 
5-HT receptor agonists, Quipazine & 8-OH-DPAT (8-Hydroxy-2-(di-n-
propylamino)tetralin). Passive hindlimb bicycling was given three times per week 
beginning 1 week post-SCI and continuing until 12 weeks post-SCI. Drugs were injected 
once per day, 5 days per week beginning at 2 weeks post-SCI and continuing until 12 
weeks post-SCI. Body weight supported treadmill training was given 10 mins after the 
injection of drugs for a duration of 6 minutes. Animals from all groups were handled 
equally every day. 
Timeline 
Behavioral assessment of locomotor abilities was performed at 2, 4, 8, 12 and 14 weeks 
post SCI. Changes in the sensorimotor representations were also periodically assessed at 
the same time points. At the end of 12 weeks, one group of animals was anesthetized and 
the primary motor cortex was mapped to identify changes in motor representations. This 
was followed up with cortical lesions of the reorganized networks to determine how that 
affects locomotor recovery. 
Spinal Transection   
(See Chapter 2 methods) 
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Drug Administration 
Drugs were dissolved in sterile physiological saline. Quipazine was injected 
intraperitoneally and 8-OH-DPAT subcutaneously (Ganzer et al., 2013). Full Therapy 
animals were injected once per day, 5 days per week, beginning at Week2 post SCI and 
continuing upto Week12. The 2-week lag time post injury allowed time for 5-HT receptor 
upregulation (Kim et al., 1999) in the spinal cord caudal to the lesion. Our chosen dose of 
drug was a combined injection of 0.125 mg/kg of Quipazine (1 ml/kg) and 0.125 mg/kg 
of 8-OH-DPAT (1 ml/kg), as this dose has been shown to have a maximal effect on 
cortical reorganization (Ganzer et al., 2013). Sham animals received an equivalent 
volume of saline injections. 
Exercise Administration 
Bike exercise: Passive bicycling exercise therapy started one week after spinal 
transection. Full Therapy animals received this exercise three times a week (Monday, 
Wednesday & Friday) using a custom built motor-driven cycling apparatus (Graziano et 
al., 2013). Rats were suspended on a sling with their feet secured to the pedals. Cycling 
speed was maintained at 45 revolutions/min and each session consisted of two 30-min 
exercise periods with a 10-min rest period in between. Sham Therapy animals were 
placed on the bicycles for 70 minutes while the pedals were stationary. 
 
Treadmill exercise: Full Therapy group received treadmill training 10 minutes after the 
drugs were injected each day. The animal was placed in a cloth harness with a Velcro 
strap that is attached to an arm of a body-weight support (BWS) device. The arm was 
attached to a spring on the other end, which can be extended by turning a knob. In order 
to support the rat’s weight the spring is extended until the moment of the forces acting on 
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either ends of the arm is balanced. The device was previously calibrated to obtain the 
number of turns required to support a certain percentage of the rat’s body weight. At the 
start of each week, the weight support was ramped down in steps of 1/8
th
 of a turn. As the 
hindlimbs were loaded with more of the animal’s weight they typically started taking 
steps. At some level of weight support the animal is typically unable to bear its own 
weight and fails to step with its hindlimbs for more than 3 consecutive step cycles. The 
body weight support was set at one step above this value during the training sessions for 
the rest of the week.  
Locomotor Assessment 
Open field locomotion (BBB score): All therapy groups were evaluated for recovery of 
locomotor function during overground-locomotion using the Basso, Beattie and 
Bresnahan (BBB) scale at weeks 2, 4, 8 and 12 after spinal transection (Basso et al., 
1995). The scores during weeks 4, 8 and 12 were normalized using the baseline score at 
week 2 for every animal. During each evaluation week, the animals were tested 5 minutes 
after drug administration (on-drug) as well as after a 3-day wash out period (off-drug). 
Sham animals received a challenge dose of drug during the on-drug testing. BBB scores 
from 0 to 8 are non-weight supporting, while scores of 9 to 21 indicate some degree of 
hindquarter weight support.  
Treadmill locomotion (% complete step cycles): The recovery of locomotor function 
was also assessed using the number of weight supported step cycles (%WSS) taken by 
the rat when attached to the weight support device and placed in a neutral position on a 
moving treadmill without providing any vertical support. At the neutral position, the 
length of the spring was adjusted till the arm is level and provided no additional force on 
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the rat in the vertical direction. Further, the height of the rat above the treadmill was 
adjusted till the forepaws make complete plantar contact with the surface. This %WSSs 
was calculated as a percentage over the first 100 step cycles taken. The start of a step 
cycle was determined from placement of the left forepaw. A cycle was defined as a WSS 
if for each hindpaw step, the hindquarters are elevated off the treadmill surface, the 
hindpaw is placed underneath with visible muscle contraction and the knee clears the 
treadmill. The plantar surface of the hindpaw makes contact with the treadmill during lift 
off and again reestablished after the hindlimb is advanced.  
Passive sensory stimulation  
Animals were lightly anesthetized with sodium pentobarbital (Nembutal) with an 
induction dosage of 35 mg/kg and maintained at Friedberg stage III level of anesthesia. 
They were responsive to toe pinch and corneal reflexes. Seven sparse locations were 
stimulated on each forelimb including 2 digits, 2 palm pads on the forepaw and wrist, 
elbow and shoulder. Each location was consecutively tapped 100 times at 0.5 Hz with a 
fine-tipped metal probe, controlled by a precision stepper motor (Gemini GV6) similar to 
previous studies (Moxon et al. 2008; T. Kao et al. 2011). To ensure that only tactile 
receptors at the sight of contact were activated and to control the magnitude of the stimuli 
at each location, the metal probe was first positioned on the skin, ensuring contact but no 
visual indentation under 10X magnification. The metal probe was then moved 0.5 mm 
away from the skin, and the stimulation was started. The effect of the stimulus was 
viewed under 10X magnification to ensure no movement of the digits or limb. All 
locations were tapped within the same recording session to ensure that the same neurons 
were recorded in response to stimulation of all locations. All 100 stimuli were given to a 
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location, and then the stimulator was moved to the next location. The motor stimulator 
simultaneously sent a TTL-pulse to the data acquisition system to record the timestamp 
of the stimulus onset. The waveforms and action potential timestamps of all the 
discriminated neurons were recorded, and stored for further analysis.  
Intracortical microstimulation  
Motor representations in M1 cortex were assessed using intracortical microstimulation 
(ICMS) in the three groups: Control, Sham Therapy and Full Therapy. Animals were 
anesthetized with a combination of Ketamine (50 mg/kg), Xylazine (5 mg/kg) & 
Acepromazine (0.75 mg/kg) and placed in a stereotaxic frame.  Dexamethasone (5 
mg/kg) was administered to reduce cortical swelling. Supplemental doses of anesthetic 
were administered as needed to maintain the animal under light anesthesia and responsive 
to toe pinch.  Craniotomies were performed over the right or left cortex to expose the 
medial post-bregma area (MPBA) (stereotaxic coordinates for craniotomy: from 1 mm 
anterior and 3 mm posterior to bregma & from 1 to 3 mm lateral). Electrode penetrations 
were defined using stereotaxic coordinates (Leergaard et al. 2004). Care was taken to 
avoid surface cortical vasculature during mapping. A low impedance glass-insulated 
tungsten microelectrode (500 kΩ; FHC Inc.; Bowdoin, ME) was mounted on a 
stereotaxic electrode manipulator.  To assess microstimulation waveform quality, a 100-
kΩ resistor was connected to a grounding screw adjacent to the craniotomies in series 
with the stimulator (AM systems; Sequim, WA).  The dura was removed and the 
microelectrode was lowered, perpendicular to the surface of the brain, to penetrate the 
pia.  The microelectrode was then slowly inserted into the brain to a depth of ~1,600 µm, 
corresponding to cortical layer V/VI. Electrode penetrations were made at 500-600 µm 
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intervals within the MPBA. Stimulation parameters consisted of 0.2 ms duration constant 
current bipolar pulses (anodal leading), at 333Hz in trains of 300 ms duration. At each 
penetration site, the stimulation current gradually increased from 0 µA until a movement 
was evoked (current threshold). Movement type was then defined using visual inspection 
and categorized into hindlimb, forelimb, vibrissae and axial trunk.  Penetrations were 
marked as non-responsive when no movement could be evoked with stimulation 
thresholds up to 100 µA. Experimenters were blind to the group of the animal during the 
mapping procedure.  
Data Analysis  
Cortical reorganization  
Cortical reorganization was evaluated and compared across groups by quantifying the 
cortical area occupied by a movement expansion within the de-afferented cortex (Area 
(mm
2
)). The expansion of intact axial motor representations into the de-afferented 
hindlimb motor cortex was assessed by calculating the area (mm
2
) devoted to a 
movement type (axial trunk or hindlimb) using custom MATLAB algorithms.  Only 
maps which consisted of a grid covering the axial trunk and hindlimb motor cortex 
representation with consistent electrode penetrations spaced 500-700 µm apart were 
included. Small shifts in this grid to avoid surface cortical vasculature during mapping 
were corrected for during processing. The area of the axial trunk and hindlimb 
representations was determined by multiplying the number of responsive sites evoking a 
movement of the axial trunk or hindlimb, respectively, by 0.25 mm
2
. 
Neuronal Firing Properties 
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The responses of neurons to sensory stimuli and motor events can be described and 
quantified using a peri-stimulus time histogram (PSTH). A PSTH is a histogram of spike 
times relative to a stimulus (time zero) averaged across a large number of trials (~100 
trials). We can quantify this response by extracting certain parameters from the PSTH, 
which describe the response. The first is the background-firing rate, which is the average 
firing rate of the neuron in the background window around 100 ms before the stimulus. A 
threshold is defined as the mean background average + 3 times the standard deviation for 
that neuron. Bins that cross the threshold are considered part of the response. The latency 
of the first bin that crosses the threshold is the first bin latency (FBL) and the last bin that 
crosses the threshold is the last bin latency (LBL). The total sum of the spikes in all the 
bins that cross the threshold minus the background is the magnitude of the response 
(RM). The number of spikes in the peak bin is the peak of the response (PR) and the time 
between the first and last bin gives the response duration (RD).  
Information Encoded by the Neuronal Population 
The PSTH-based classification method (Foffani and Moxon, 2004) was used to quantify 
the amount of information that can be decoded from the simultaneous activity of a 
population of neurons. The classifier discriminates between different stimuli or behaviors 
using the neural responses. First, an average neural template was developed using the 
PSTHs of all the neurons in the population for all trials of each stimulus (leaving out the 
trail to be classified). Then, the single trial was compared to the different templates and 
classified to the template that it most closely resembles (shortest Euclidean distance 
measure). The classification results were recorded in a confusion matrix. The rows in the 
confusion matrix are the actual stimuli and the columns are the predicted stimuli from the 
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classification. The results of the classification gave us the conditional probabilities of 
getting a response given a stimulus (P(R/S)).  You can think of it in terms of true and 
false positives of the classification. Once we got the conditional probabilities, Shannon’s 
mutual information formula was applied to the results of the classifier to measure how 
much information can be decoded about a sensory stimulus, motor event or behavior.  
𝐼(𝑅, 𝑆) =  ∑ 𝑃(𝑆𝑖) ∑ 𝑃 (
𝑅𝑗
𝑆𝑗
) log (
𝑃 (
𝑅𝑗
𝑆𝑗
)
𝑃(𝑅𝑗)
)
𝑗∈𝑅𝑖∈𝑆
 
Statistical Analysis 
 
Data was tested for normality, incase of failure transformed using a square root 
transform. In cases where the data was still not normally distributed, a non-parametric 
test was used. 
A 2-way mixed model ANOVA was used to determine the effect of time (weeks post 
SCI), group (Full Therapy, Sham Therapy, Intact) and any interaction effects. If there 
was a main effect, Tukey’s post-hoc was used to determine individual differences. All 
significance was tested using an alpha level of 0.05.  
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Figure 3.1. Overview of experimental design. A. Timeline describing the sequence of events including 
spinal transection and therapy administration. B. Flattened rodent cortical map showing the outline of the 
intact hindlimb, forelimb and trunk sensory representations (black) and the stereotaxic boundary of the 
medial post-bregma area (MPBA) used for mapping as well as implantation of microwire electrodes (red).  
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 
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]. 
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3.3 RESULTS 
Therapeutic interventions lead to significant recovery of locomotor abilities including 
weight support in the open field  
After complete SCI, combination of chronically administered therapies over 12 weeks 
promotes extensive locomotor recovery during unassisted locomotion in the open field. 
Animals that received 12 weeks of therapy had significantly higher BBB scores evaluated 
on drug (Normalized BBB scores: Full Therapy 1.54±0.16; Sham Therapy 1.14±0.25, 
Raw BBB scores: Full Therapy 8.46±0.24; Sham Therapy 7.25±0.45, F(3,81)=5.77, 
p<0.01). There were no significant differences between the groups when evaluated off-
drug.   
The BBB score is typically used to evaluate recovery after partial lesions, which ranges 
from values of 0 to 21 (0 = no movements around any joints, 21 = coordinated stepping). 
The extent of recovery after a complete SCI is limited and even after therapeutic 
interventions our animals do not reach a score greater than 11.  Therefore, small 
differences in the magnitude of the score correspond to significant differences in 
functional movements. Hence we separated scores that correspond to weight support in 
the open field (BBB score greater than or equal to 9) from those that don’t (BBB score 
less than 9). This analysis revealed that at Week 12, animals in Full Therapy group had a 
significantly higher proportion of limbs that achieved plantar placement with weight 
support (Full 14/30) compared to Sham (4/28; p<0.025). At Week 2 there were no 
differences between the groups (p>0.025), indicating that this improvement is mediated 
by our therapeutic interventions. From a clinical perspective, locomotion in the open field 
unassisted by any supporting devices is the ideal path for recovery after spinal cord 
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injury. In that direction, our combination of therapies (Full Therapy) administered over 
12 weeks increases the likelihood of animals with a complete SCI to achieve weight 
support during plantar placement of their hindlimbs in the open field.   
 
Figure 3.2 Open field locomotor recovery due to therapeutic interventions after SCI. A. Example of an 
animal from the Full Therapy group taking a weight-supported step in the open field at Week12 post-SCI. 
B. Pie charts depicting the limbs that achieved weight support during the BBB (black, score>=9) and those 
that did not (grey, score<9). At Week12, Full Therapy group had nearly 50% C. The BBB scores 
normalized to the baseline score BBB score at Week2 evaluated on-drug. At Week12, Full Therapy group 
(blue) had significantly higher normalized BBB score compared to Sham Therapy (green). 
 
Therapeutic interventions lead to significant recovery of locomotor abilities on the 
treadmill  
As a part of therapy administration, animals were placed in a cloth harness vest, attached 
to a body weight support device in a neutral position on a moving treadmill surface. At 
weeks 2,4,8 and 12 their behavior was videotaped to periodically assess locomotor 
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performance. The videotapes were later analyzed frame by frame to determine the quality 
of steps. The first 100 step cycles were examined to determine if they were weight 
supported step cycles (WSS, see Methods for definition). For the Sham Therapy group 
there was no changes in the %WSS on the treadmill over time (p>0.05). In the Full 
Therapy group, animals were taking significantly more WSS starting as early as 8 weeks 
after SCI (F(3,81)=7.71, p<0.001). Both at week8 and week12, where the effect was 
highest, the Full Therapy group was stepping more than Sham Therapy on the treadmill 
(%WSS, Full Therapy 19.4±4.6%, Sham Therapy 1.5±0.7%; F(3,81)=6.65, p<0.001).  
Infact while stepping on the treadmill the animals that receive Full Therapy were more 
likely to step consecutively where a ‘consecutive bout’ of stepping consisted of 3 or more 
step cycles that follow each other and are weight supported step cycles. Nearly 53% of 
the total steps taken by Full Therapy group were part of a consecutive bout whereas only 
18% of the steps taken by Sham Therapy group were consecutive. While the ability to 
take steps on the treadmill is in itself remarkable after a complete SCI, taking consecutive 
steps is more functionally significant and indicative of better control of posture and 
balance during the stepping.  
Figure 3.3 Locomotor recovery on the treadmill due to therapeutic interventions after SCI. A. The graph 
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shows the weight-supported steps (%WSS) taken on the treadmill over time post SCI. The Full Therapy 
(blue) animals take significantly more %WSS compared to Sham Therapy animals at Week8 and Week12. 
There is no change over time for Sham Therapy group. B. Pie charts depict proportion of these WSS that 
occur as a part of consecutive bout (dark grey, more than 3 step cycles occur consecutively) as opposed to 
the ones that are non consecutive (light grey). More than 50% of the steps taken by Full Therapy animals 
were consecutive.  
 
Combined therapeutic interventions changes the representation of sensory information by 
neurons in the deafferented cortex  
Microwire arrays were implanted in the deafferented hindlimb cortex to chronically 
record the activity of a population of neurons to sensory stimulation of multiple locations 
on the body (see Methods). Animals in both groups (Full Therapy n=8; Sham Therapy 
n=6) were lightly anesthetized and sparse locations on the forepaw, forelimb and trunk 
were each stimulated 100 times to get an average measure of how the neuron responds. A 
peri stimulus time histogram is developed for each neuron, which is a histogram of the 
spike times of that neuron relative to the sensory stimulus (time-zero), averaged across 
100 trials. The background-firing rate of the neuron is used to determine a threshold to 
identify significant responses (see Methods).  
Chronic therapeutic interventions combining bike and treadmill exercise paired with 
pharmacotherapy helps in maintaining the proportion of neurons in the hindlimb cortex 
responding to sensory stimulation of the intact forepaws. This is not the case in the 
absence of therapy. At Week8 post-SCI, the Full Therapy group had significantly higher 
proportion of responding cells compared to Sham Therapy group (Full Therapy 
29.3±4.6%, Sham Therapy 7.7±2.5%, F(1,12)=7.76, p<0.05). At Week12 post-SCI, a 
subset of these animals was tested (Full Therapy n=4; Sham Therapy n=5) and again, a 
higher proportion of cells responded in animals that received Full Therapy (Full Therapy 
28.7±8%; Sham Therapy 5.2±2.7%, p<0.05).  
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Interestingly, though more cells responded at Week 12, these neurons did not have any 
differences in their firing properties or responsiveness, as measured by the background 
firing rate, magnitude of the response, peak of the response, latencies or duration.  
We know that some of the neurons in the deafferented hindlimb cortex are responding to 
forepaw sensory stimulus, but it remains to be seen if they are able to also discriminate 
the location of the stimulus and with what precision. In other words, we asked the 
question: do these neurons carry any specific information about stimulus location on the 
forepaws? In order to quantify the amount of information carried by the neuronal 
population we used the PSTH-based classifier approach. In this method, each single trial 
was compared and classified to one of the stimulated locations by matching the neural 
activity on that trial to the average neural templates developed for each location. 
Shannon’s information formulation was applied to the results of the classification to 
quantify the information in bits. At Week8 post-SCI, the amount of information encoded 
by neurons in the Full Therapy group (I = 0.184±0.04 bits) was significantly more than 
Sham Therapy (I= 0.06±0.018 bits F(1,17)=6.338, p<0.05). Overall for the Full Therapy 
group, more neurons in the putative hindlimb cortex were now responding to stimulation 
of the forepaws, with no change in their intrinsic firing properties but this new network 
encodes more information about discrimination of stimulus location than the Sham 
Therapy group.  
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Figure 3.4. Sensory reorganization in the cortex induced by therapeutic interventions after SCI. A. The 
graph tracks the proportion over all neurons recorded from the hindlimb sensorimotor cortex that have a 
significant response to sensory stimulation of forepaws before SCI (pre-TX) and at Weeks 4, 8 and 12 post-
SCI. Significantly more number of neurons in the Full Therapy group (blue) respond to forepaw sensory 
stimulation starting at Week8. B. At the same time point, these neurons also encode significantly more 
information about stimulus location in the Full Therapy group (blue) compared to Sham Therapy (green).        
 
Combined therapeutic interventions induce changes in the representation of motor 
information by neurons in the deafferented cortex  
According to our hypothesis, 12 weeks of combined therapeutic interventions would 
result in reorganization of sensory and motor representations in the deafferented cortex. 
To confirm this and to examine what these changes are and how they affect behavior we 
performed a motor map using intracortical microstimulation (ICMS). Three groups of 
animals were used in this study, Full Therapy, n=16; Sham Therapy, n=12, Intact, n=5). 
The mapping procedure was performed at the end of 12 weeks of therapy under 
anesthetized conditions. Electrode penetrations were made at 500-700 μm intervals 
within the medial post-bregma area (MPBA) in the cortex spanning from bregma to 2 
mm caudal to bregma and 1 mm to 3 mm lateral to the midline. Movements evoked were 
classified using visual inspection as hindlimb, forelimb, axial trunk and vibrissae. For 
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each animal, the total area corresponding to penetrations evoking a particular movement 
was calculated (see Methods,(Ramanathan, Conner, and Tuszynski 2006)).  
 The raw penetration maps show that in an animal from the Intact group, the 
majority of penetrations in the MPBA region evoke hindlimb movements especially in 
the more caudal regions along with some penetrations in the most rostral regions that 
evoke axial trunk movements. There were much fewer penetrations that evoked 
movements of vibrissae and/or forelimb, located mostly near the border of the MPBA. 12 
Weeks after SCI the map looked very different. As expected after a complete SCI, all of 
the hindlimb movements were abolished both in the Sham Therapy and Full Therapy 
groups. The axial trunk movements were still restricted to the rostral region of the MPBA 
for the Sham Therapy animals. For the Full Therapy group more number of penetrations 
in the MPBA result in axial trunk movements. There is an expansion of this axial trunk 
representation in the caudal, medial and lateral directions into the region that was 
originally controlling hindlimb movements (see Figure 3.5). On an average, across all 
animals in each group, the average area in the cortex devoted to movement of the axial 
trunk musculature was significantly higher for Full Therapy group (0.929±0.08 mm
2
) 
compared to Sham Therapy (0.344±0.08 mm
2
; p<0.001) and Intact groups (0.497±0.001 
mm
2
, p<0.05). There were no significant differences in the average area evoking 
movements of the vibrissae (F(3,41)=0.081, p>0.05) or forelimbs (F(3,41)=0.95388, 
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p>0.05) between the three groups. 
  
Figure 3.5 ICMS mapping of the MPBA region in the cortex reveals a novel representation of axial trunk 
movements due to therapy. A. Raw penetration maps over a grid covering the MPBA (boundary shown in 
Fig 3.1) for the different groups. The axial trunk is restricted to the rostral edge in the Intact and Sham 
Therapy groups, and expands in the caudal, medial and lateral direction for Full Therapy. B. The Full 
Therapy group has a significantly larger area in the cortex devoted to movements of the axial trunk 
compared to Sham Therapy when averaged across all animals.  
 
Therefore, chronic administration of combination of therapies over 12 weeks after 
complete SCI selectively increases the cortical motor representation of axial trunk 
movements in the deafferented hindlimb cortex. 
3.4 DISCUSSION 
The main findings of this study is that a combination of therapeutic interventions 
comprising of bike exercise, 5-HT agonists paired with weight supported treadmill 
training administered for 12 weeks following complete spinal cord injury induces 
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significant reorganization of sensorimotor networks in the cortex, resulting in weight 
bearing capability during locomotion in the open field. To our knowledge this is the first 
time such significant functional recovery has been demonstrated in adult rats after a 
complete SCI. We further show that the deafferented cortex develops a novel 
representation of sensory information from the intact forepaws indicated by a higher 
proportion of responding neurons as well as an increase in the amount of information 
encoded by these neurons about discrimination of stimulus location. We also observe an 
increase in the region of the deafferented cortex that controls upper trunk axial 
musculature at the end of 12 weeks of therapy administration. The increase in locomotor 
performance particularly weight bearing ability could likely be attributed to improved 
sensory processing from the forepaws that are in contact with the treadmill surface or 
open field, prompting enhanced cortical control of trunk musculature during locomotion.  
Our combination of therapeutic interventions after SCI comprised of 
pharmacotherapy using systemic injections of 5-HT agonists, exercise therapy including 
passive bike exercise and partial weight supported treadmill training. Bike exercise 
administered following SCI can reduce muscle atrophy and spasticity (De Mello, Esteves, 
and Tufik 2004; Kiser et al. 2005) while also upregulating plasticity-related proteins and 
neurotrophins throughout the central nervous system (Keeler et al. 2012; Liu et al. 2012; 
Weishaupt et al. 2012; Graziano et al. 2013). Systemic administration of 5-HT receptor 
agonists promotes recovery of locomotor function after spinal cord injury (Kim et al. 
1999; Antri et al. 2003; Antri et al. 2005; Landry et al. 2006; Ganzer et al. 2013). There is 
a decrease in serotonergic innervation of the spinal cord after the injury, which is 
essential for synaptic communication in the motor neuronal networks below the level of 
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the lesion. Therefore administration of these drugs acts primarily by reactivating synaptic 
communication in spinal networks below the level of the lesion enabling locomotor 
permissive states in otherwise paralyzed rats (Courtine et al. 2009; Y. Gerasimenko et al. 
2007; Barthélemy, Leblond, and Rossignol 2007). At the same time it has been shown 
that 5-HT also promotes plasticity in supraspinal networks in the visual (Maya 
Vetencourt et al. 2008; Vetencourt et al. 2011), motor (Scullion et al. 2013) and sensory 
(Ganzer et al. 2013; Jitsuki et al. 2011) systems.  
Our therapies increased the amount of forepaw sensory information processed by the 
neurons in the deafferented hindlimb sensorimotor cortex. Animals that received the full 
combination of therapy had a greater proportion of responsive neurons and these neurons 
represented more information about sensory discrimination compared to the group that 
received Sham Therapy starting as early as 8 weeks post SCI (and maintained at 12 
weeks). The injury itself leads to an immediate phase of reorganization in the cortex as 
shown in earlier studies (Aguilar et al. 2010; Endo et al. 2007; Ghosh et al. 2009) 
typically consisting of an expansion of intact representations adjacent to the deafferented 
region. This initial phase could be mediated by the unmasking of previously existing or 
silent synapses but without any therapeutic interventions, it is transient and does not last 
several weeks after the injury (Ghosh et al. 2010; Sydekum et al. 2013). The later phase 
of long-term reorganization that is only maintained with our therapeutic interventions 
could either be sprouting of new cortical or subcortical connections (E. G. Jones 2000; 
Buonomano and Merzenich 1998; Darian-Smith 2009; Sengelaub et al. 1997) or an 
enhancement of the unmasked connections due to activity-dependent plasticity 
(Buonomano and Merzenich 1998). Recurring activation of specific sensorimotor 
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pathways during locomotor training reinforces task-related connections and circuits to 
enable performing the trained movements successfully. In this case the pathway involves 
sensory information from the forepaws related to gait initiation now relayed to neurons in 
the hindlimb cortex, which then send the motor command to control the upper trunk 
musculature enabling weight support.  
Due to the novel technique that we employed to simultaneously record the activity of 
multiple neurons during the sensory mapping procedure, we were also able to monitor the 
response characteristics of these neurons, which are now responding to forepaw 
stimulation. It is interesting to note that the neurons in both groups don’t change their 
firing characteristics, in terms of the magnitude of the response, peak response or 
latencies. However, this novel network or population of neurons carries more information 
about location of the sensory stimulus in the Full Therapy group than Sham Therapy. 
This means that not only are more neurons responding to forepaw stimulation in the 
deafferented cortex after therapy, these neurons have a higher capability to localize the 
stimulus on the paw. Sensory losses such as the inability to identify sensory modality 
(rough vs. smooth), shapes, textures, loss of two-point discrimination etc. are typically 
seen in patients after spinal cord injuries that involve a disruption of dorsal columns 
which carry this information (Ballermann, Tompkins, & Whishaw, 2000,McKenna and 
Whishaw 1999, Leonard and Vierck 1992). Our results show that with our therapy, the 
cortex is capable of re-allocating its resources to now process sensory information from 
intact parts of the body. This is significant because after spinal cord injury the hindlimbs 
can no longer provide sensory or proprioceptive feedback about the animal’s posture or 
weight distribution required for balance due to a complete disruption of ascending 
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sensory pathways from below the lesion. The forepaws that are in contact with the 
surface on which the animals locomote are now the principle source for such information 
and are critical for maintaining stability during locomotion after injury. 
 Exercise therapy, specifically treadmill training paired with 5-HT pharmacotherapy 
involves taking repetitive weight bearing steps where sensory information is relayed from 
the forepaws followed by stabilizing the trunk and training the animals to take steps with 
their hindpaw. This is further evident from our results showing changes in the motor 
representation in the deafferented cortex. We show that at the end of 12 weeks of therapy 
administration there is an increase in the area of deafferented cortex devoted to 
movement of axial trunk musculature for the Full Therapy group compared to both, the 
Sham Therapy group and Intact group. Our data extends earlier results in neonatally 
transected animals, which show that therapeutic interventions, specifically transplants 
into the spinal cord along with treadmill training, lead to the development of a novel 
representation of axial trunk in the deafferented hindlimb cortex that was accompanied by 
improvement in locomotor abilities (S F Giszter et al. 1998; Simon F Giszter et al. 2008). 
Importantly, our model is that of an adult complete transection. Our therapeutic 
intervention (5-HT paired with exercise) upregulates plasticity related proteins (Graziano 
et al. 2013) setting the brain in a more plastic state. Training the animals in this state 
optimizes activity-dependent plasticity mechanisms to induce necessary changes in the 
circuit, both sensory and motor to selectively enable weight support and locomotor 
function.  
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Chapter 4: Relationship between cortical reorganization and locomotor 
recovery 
 
4.1 INTRODUCTION 
 
In the previous chapter, we showed that after a complete spinal cord injury, a 
combination of pharmacological agonists (5-HT) paired with exercise therapy (bike 
exercise and treadmill training) promotes remarkable improvements in locomotor 
abilities including the capacity to support weight in the lower limbs. Simultaneously we 
observed a reorganization of sensorimotor information represented by neurons in the 
deafferented hindlimb cortex. A novel sensorimotor circuit develops which now encodes 
for sensory information from the intact forepaws while providing motor information to 
move the intact upper axial trunk musculature. Previous studies in neonatally transected 
animals have shown similar changes in the somatotopic structure in the cortex, while also 
showing that this reorganization is related to locomotor recovery (Simon F Giszter et al. 
2008; Tina Kao et al. 2009; T. Kao et al. 2011). Therefore as a clear next step, in this 
chapter, we investigate the role played by cortical reorganization in locomotor recovery 
at the end of 12 weeks of therapy administration.  
The role of the cortex in stereotypic locomotion has been shown to be limited 
(Drew et al. 1996; Simon F Giszter et al. 2008)The cortex is more heavily involved 
during skilled tasks or modification of gait such as that required during stair climbing, 
obstacle avoidance and navigating complex terrain (Drew, Kalaska, and Krouchev 2008; 
Drew et al. 2008; Song et al. 2009; Fitzsimmons et al. 2009; Beloozerova, Stout, and 
Sirota 2013). Without any therapeutic interventions after a mid-thoracic transection, the 
hindlimb region in the cortex typically goes ‘silent’ or does not encode any novel 
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sensorimotor information in the long term (N Jain, Florence, and Kaas 1995; Kaas et al. 
2008). More recently studies have started steering interest in the direction of investigating 
cortical rewiring or remodeling of descending corticospinal projections as a means 
towards improving locomotor abilities after spinal cord injury (Simon F Giszter et al. 
2008; Tina Kao et al. 2009; T. Kao et al. 2011; Courtine et al. 2009; Dominici et al. 2012; 
Ganzer et al. 2013; Ghosh et al. 2009; Sydekum et al. 2013). In that direction, we have 
shown in the previous chapter that the deafferented hindlimb cortex reorganizes to allow 
sensory information from forepaws and motor control of axial trunk. We also know that 
our therapeutic interventions can activate the dormant CPG lumbosacral networks to 
produce rhythmic locomotor like activity (Barbeau and Rossignol 1987a; Lovely et al. 
1986; Edgerton and Roy 2009; R. M. Ichiyama et al. 2008; V Dietz and Harkema 2004a; 
Lavrov et al. 2006; Courtine et al. 2009). The one key difference that distinguishes us 
from the other studies is that in our case there is no transmission of information from the 
reorganized surpaspinal regions to the activated spinal circuits. However in our case, the 
cortical control of the upper body and spinal coordination of lower limbs could occur 
synchronously to enable weight supported stepping. It remains to be seen if there is an 
actual relationship between the cortical reorganization and the amount of locomotor 
recovery. Removing this reorganization could potentially disrupt the motor output to the 
intact parts of the body and thereby disrupt locomotor outcome.  
In order to test this hypothesis, we performed motor maps (ICMS) to locate the 
expansion of the axial trunk motor output region at the end of 12 weeks of therapy post-
SCI. In the same surgery, we ablated the reorganized networks using electrolytic lesions 
of the cortex. We recorded the locomotor performance at time points before and after the 
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cortical lesioning, both during treadmill locomotion and in the open field using the BBB 
score. We expected that lesioning the reorganized sensorimotor network induced by 
therapy would reduce locomotor recovery, thus illustrating the role of cortical 
reorganization towards recovery of functional locomotor abilities after a complete spinal 
cord injury.   
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4.2 METHODS 
Experimental Design 
 
For this part of the study, completely transected animals were divided into two groups, 
one receiving the full combination of therapies: bike exercise and 5-HT agonists paired 
with treadmill training (Full therapy, n=12) and second receiving the sham version of all 
therapies: sham bike, saline injections and stationary treadmill (Sham therapy, n=4). 
Therapy was given for 12 weeks post SCI. At the beginning of Week13, animals in both 
groups received a bilateral cortical lesion over the reorganized region of the deafferented 
cortex. They were allowed to recovery for 2 days and re-entered into the therapy regimen. 
Their locomotor performance was assessed both in the open field and on the treadmill at 
the end Week14 (See Figure 4.1 for timeline).  Animals from both groups were handled 
daily. During the cortical lesioning experiments all animals were anesthetized and the 
MPBA region was mapped to identify changes in the motor representations (described in 
chapter 3 methods). Cortical reorganization was measured and correlated to the 
locomotor recovery measures at Week12 to determine if there was a relationship between 
them. Locomotor recovery was measured using the BBB score in the open field and % of 
weight supported steps on the treadmill.  
 
Spinal Transection  
 
(described in chapter 2 methods) 
 
 
Therapy Administration  
 
(described in chapter 3 methods) 
 
 
Intracortical Microstimulation (ICMS) Mapping 
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(described in chapter 3 methods) 
 
 
Electrolytic Cortical Lesioning  
 
A craniotomy was performed over the medial post bregma area (MPBA) of the cortex (0-
2mm AP, 1-3mm ML). ICMS mapping procedure was used to classify movements 
evoked by stimulation within the MPBA. For each animal following the motor map, 
electrolytic lesions were performed bilaterally centered at stereotaxic coordinates 2 mm 
lateral to the midline and 1 mm posterior to bregma. The dura mater and pia mater was 
removed over the lesion location. A bipolar electrode made in-house with braided Teflon 
coated stainless steel wires exposed only at the tip (100 KΩ impedence; A-M systems) 
was lowered to a depth of 1.6 mm below the surface of the cortex (layer V/VI). 
Electrolytic lesions were delivered bilaterally with an A-M systems isolated stimulator 
using a single square pulse current of magnitude 200 μA for duration of 20 seconds. The 
craniotomy was then covered with gelfoam and a layer of dental acrylic. The skin was 
sutured closed. The animal was monitored closely, placed under a heat lamp and 
subsequently given antibiotics and painkillers. Animals typically recovered within 2-days 
post op. Therapy administration was restarted after recovery and continued till Week14.  
Perfusion & histology of the spinal cord 
All animals were perfused transcardially with buffered saline (100 mL), followed by 
buffered 4% paraformaldehyde in 0.2 M PBS (500 mL). The brain and spinal cord were 
then removed, post-fixed in buffered 4% paraformaldehyde for 24 hours and 
cryoprotected in 30% sucrose until the tissue sank. Specimens were frozen in Shandon 
M-1 Embedding Matrix compound (Thermo Scientific) and sectioned on a freezing 
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microtome at 40 µm. The transection segments of the spinal cords were sectioned 
horizontally, and every fifth section was Nissl–myelin stained. The resulting sections 
were examined under a microscope to confirm completeness of the transection. These 
sections were also used to characterize the dimensions of the cortical lesions and location 
of electrode array in the cortex. 
Locomotor Assessment  
All locomotor performance was assessed on-drug; using the BBB score in the open field 
and % weight supported steps on the treadmill (refer Chapter 3 methods). BBB score was 
measured at Week8, Week12 (pre-lesion) and Week14 (post-lesion) five minutes after 
injection of 5-HT agonists. Treadmill assessment was performed immediately after the 
open field assessment. For the animals in Full therapy, this coincided with their daily 
treadmill and drug therapy, for the Sham therapy animals received a challenge dose of 
drug during their assessment.  
Data Analysis  
 
Lesion Volume Estimation 
 
At the end of the study, animals were perfused and the brain and spinal cord was 
dissected out, post-fixed using paraformaldehyde, stored in sucrose, blocked and 
embedded for freezing. The brain was blocked from 1mm anterior to 3 mm posterior to 
bregma and cut into coronal 40 μm slices. The slices were mounted on slides and stained 
using the Nissl-Myelin stain. Photomicrographs of all the sections containing the lesion 
were taken for characterizing the lesion volume using the following parameters: 1) Depth 
of the lesion, 2,3) Medio-lateral (ML) and Rostro-caudal (RC) extent of lesion at Layer 
II/III 4,5) ML and RC extent at Layer V/VI  
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Correlations 
 
For each animal, the total area in the cortex devoted to movement of the axial trunk 
(measure of cortical reorganization) was correlated to the % of weight-supported steps 
taken by that animal during its Week12 assessment (measure of locomotor recovery) 
using a linear regression. The correlation was tested using the Spearman’s Rho 
coefficient (p<0.05).  
 
Locomotor Assessment  
   
Locomotor performance was evaluated on drug during treadmill locomotion at the end of 
Week12 (pre-lesion) and at the end of Week14 (post-lesion). The BBB scores below 9 
were considered non-weight supported behaviors and scores above 9 were weight –
supported behaviors. 
 
Statistical Analysis  
 
Data was tested for normality, incase of failure transformed using a square root 
transform. In cases where the data was still not normally distributed, a non-parametric 
test was used. A 2-way mixed model ANOVA was used to determine the effect of time 
(pre- and post- lesion), group (Full Therapy, Sham Therapy) and any interaction effects. 
If there was a main effect, Tukey’s post-hoc was used to determine individual 
differences. All significance was tested using an alpha level of 0.05.  
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4.3 RESULTS 
 
Locomotor recovery induced by therapy is correlated to reorganization of motor output 
in the deafferented hindlimb cortex  
 
So far we have demonstrated that after complete SCI, combination of chronically 
administered therapies over 12 weeks promotes extensive locomotor recovery both 
during treadmill locomotion and in the open field without body weight support. During 
unsupported open field locomotion, tested on-drug, animals that received 12 weeks of 
Full therapy had significantly higher BBB scores (Raw BBB scores: Full therapy 
8.46±0.24; Sham therapy 7.25±0.45, F(3,81)=5.77, p<0.01, including a higher proportion 
of limbs that achieved plantar placement with weight support (Full therapy 14/30) 
compared to Sham therapy (4/28; p<0.025). During treadmill locomotion the Full therapy 
group was taking significantly higher percentage of weight supported steps (%WSS, Full 
therapy 19.4±4.6%, Sham therapy 1.5±0.7%; F(3,81)=6.65, p<0.001) than Sham therapy 
and nearly 53% of these steps were part of a consecutive bout of stepping.  
We show for the first time, the possibility of remarkable locomotor recovery including 
the capacity to support weight after a complete spinal cord injury that otherwise results in 
total motor paralysis after injury.  
In chapter 3, we also showed changes in the motor representation in the MPBA using 
ICMS mapping at end of 12 weeks of therapy administration. To recap, all of the 
hindlimb movements were abolished both in the Sham therapy and Full therapy groups. 
The axial trunk movements were still restricted to the rostral region of the MPBA for the 
Sham therapy animals. For the Full therapy group more penetrations in the MPBA result 
in axial trunk movements. This translates to an expansion of this axial trunk 
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representation in the caudal, medial and lateral directions into the region that was 
originally controlling hindlimb movements (Figure 3.5). On an average, across all 
animals in each group, the average area in the cortex devoted to movement of the axial 
trunk musculature was significantly higher for Full therapy group (0.929±0.08 mm
2
) 
compared to Sham therapy (0.344±0.08 mm
2
; p<0.001) and Intact groups (0.497±0.001 
mm
2
, p<0.05). There were no significant differences between groups in terms of the 
average area evoking movements of the vibrissae or forelimbs.   
Therefore, chronic administration of our combination of therapies over 12 weeks after 
complete SCI selectively increases the cortical motor representation of axial trunk 
movements in the deafferented hindlimb cortex.  
To understand the role of cortical reorganization in recovery we examined the 
relationship between the extent of behavioral recovery and changes in cortical motor 
output (area of cortex devoted to movement of axial trunk) in all animals (Full Therapy 
n=16; Sham Therapy n=12). This analysis produced a significant correlation between the 
Week12 measure of %WSS and axial trunk motor area in the MPBA (spearman’s rho 
0.457, p=0.014). This suggests that while therapy could lead to a differential amount of 
recovery among the animals tested, this variation could be explained, to some extent, by 
the amount of induced reorganization of the motor cortex (Figure 4.2). 
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Figure 4.1 Locomotor recovery is correlated to reorganization of motor cortical output in the MPBA. The 
x-axis represents the % weight-supported steps (%WSS) measured during the Week12 assessment on the 
treadmill (on-drug) and the y-axis represents the area in the motor cortex that evokes movements of the 
axial trunk through ICMS. Each sample point in the figure represents one animal’s data.  
 
Lesioning the reorganized cortical representation reduced locomotor abilities that were 
regained due to therapy 
 
To evaluate if therapy induced reorganization of cortical circuits plays a causal role in 
promoting locomotor recovery we selectively ablated the reorganized motor output 
circuits in the deafferented cortex. A pre-lesion assessment of locomotor recovery was 
done at Week12, and a post-lesion assessment at the end of Week14.  
At the beginning of Week13 post SCI; stereotaxically guided electrolytic lesions were 
performed bilaterally over the MPBA (Full Therapy n=12; Sham Therapy n = 4; see 
Methods).  We showed, in the previous chapter, that this network was involved in both, 
processing incoming sensory information from the intact forepaws and providing motor 
output information to the axial trunk. The location and spatial extent of the lesion was 
measured across the different groups to confirm consistency in the procedure. We found 
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that there were no differences between the two groups in the lesion volume measured by 
the depth, rostrocaudal and mediolateral extent measured within different cortical layers 
(Figure 4.3).   
Figure 4.2 Lesion volume is consistent across the two groups. The size and extent of the lesion was 
measured using the depth from the surface of the brain, the media-lateral (ML) length and rostra-caudal 
(RC) extent at layer II/III and layer V/VI for Full Therapy group (black) and Sham Therapy (white). There 
were no differences between the groups.  
 
Having confirmed that the lesions were uniform across the animals, we characterized the 
locomotor recovery pre- and post-lesion. The Full Therapy animals showed a significant 
decrease in their ability to take weight-supported steps on the treadmill post-lesion 
compared to their pre-lesion evaluation at Week12 (Figure 4.4A, % WSS scores; Full 
Therapy; pre-lesion 18±4.6%; post-lesion 2.67±1%, F(1,24)=10.26,p<0.01). They also 
had a 50% drop in weight bearing capacity in the open field (Figure 4.4B, proportion of 
WSS scores (BBB >=9); Full Therapy; Pre 11/24; Post 6/24). As expected, the Sham 
therapy animals were not affected by the cortical lesion, their locomotor recovery scores 
remained low both pre- and post-lesion (% WSS; Sham therapy; Pre 1±1%; Post 
0.5±0.25%; F(1,8)=0.529,p>0.05). This was expected, because in these animals we were 
lesioning deafferented cortex that had not rewired for any novel function. A group of 
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intact animals (Intact; n=4) were also lesioned targeting the same stereotaxic location. 
Cortical lesions in intact animals did not have any effect on their locomotor abilities, 
confirming previous studies (Giszter 2008) that show that in the uninjured animals the 
cortex is not highly involved in stereotypic locomotion.  
Figure 4.3 Locomotor abilities on the treadmill decrease after cortical lesions. A. The graph shows the 
weight-supported steps (%WSS) taken on the treadmill pre- and post-lesion for Full Therapy (blue) and 
Sham Therapy (green) groups. B. Pie charts depicting a decrease in the proportion of limbs that achieve a 
BBB score corresponding to weight support (black) and the limbs that don’t get to weight support (grey) 
during their open field assessment post-lesion (right panel) compared to pre-lesion (left panel).  
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4.4 DISCUSSION 
 
The results from this thesis chapter should be considered in light of results from the 
previous chapter. So far we showed that combined therapeutic interventions induced 
considerable reorganization of sensorimotor information in the deafferented hindlimb 
cortex. In the current chapter we find the relationship between cortical reorganization and 
locomotor recovery. We also establish causality by showing that ablating this reorganized 
network can drastically reduce the recovered locomotor abilities due to the therapy.  
The role of the cortex during stereotypic locomotion in intact uninjured animals is 
limited. The cortex is involved in volitional tasks, which require more complexity such as 
gait modification for stepping over obstacles, navigating terrain etc. Therefore it was not 
surprising to find that lesions in the cortex do not alter locomotor capacities in the 
uninjured intact group. Spinal cord injury is a disruption that affects the circuitry 
throughout the central nervous system and not just locally at the level of the spinal cord. 
Therefore therapeutic interventions, such as the kind we use in our study and in others 
recently, are directed to act at all levels of the CNS including the cortex.  
 
Without any intervention we find that the cortex in our Sham therapy group does not 
encode for any novel sensory or motor information and is essentially ‘silent’. This 
confirms the results from the Ghosh et al 2010, where they showed using retrograde 
tracing that after a severe partial SCI, where there is negligible recovery of motor 
function, an initial rewiring of descending corticospinal axons of hindlimb neurons to the 
cervical spinal cord is not maintained beyond 8 weeks. They simultaneously observed a 
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transient expansion of the forepaw sensory representation into the rostral part of the 
hindlimb field in the cortex, but this also diminishes by 12 weeks.  
The Full therapy group, which received a combination of 5-HT agonists, bike and 
treadmill training for 12 weeks, develops and maintains a novel sensorimotor network 
that processes somatosensory information from the forepaws and motor information to 
the axial trunk. In this part of the thesis we show that the extent of reorganization of 
sensorimotor information in the cortex is related to the extent of locomotor recovery. We 
also show this reorganized network is in fact necessary for recovery because lesioning 
these networks severely decreases their locomotor capabilities, particularly the ability to 
weight support.  
Axial trunk control is responsible for movements about the vertebral axis and is 
essential for posture and locomotion. Further, the axial trunk muscles enables mechanical 
coupling between forelimbs, pelvis and hindlimbs through stiffening of the vertebral axis 
(Simon F Giszter, Davies, and Graziani 2007; Simon F Giszter et al. 2010; Desroches et 
al. 2013) , and is necessary for locomotor recovery after neonatal SCI (Simon F Giszter et 
al. 2008). Based on our results it appears that cortical control of axial musculature may 
act to stiffen the trunk, which indirectly help in lifting the hindlimbs an essential stage in 
eventually leading to weight-supported stepping. 
One interesting observation is that the cortical lesion doesn’t completely reduce the 
locomotor abilities to pre-therapy levels. There is some residual recovered function that is 
preserved even after the cortical lesion. One reason could be that the extent of the lesion 
doesn’t cover the entire reorganized cortex. There was a tradeoff to making the lesion big 
enough to ablate a sizeable part of the reorganization while at the same time not 
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damaging the surrounding intact representations. We chose to be cautious by making 
targeted lesions within the deafferented cortex. Further studies are required to selectively 
inactivate these networks chemically in a focused manner without affecting the intact 
circuitry. We could also speculate that this residual function could be the contribution of 
activity dependent plasticity in spinal lumbosacral circuits, though we couldn’t directly 
test this in my thesis. Other studies have shed light on how pharmacological stimulation 
paired with exercise transform dormant spinal circuits below the lesion into highly 
functional circuits that can produce locomotor like movements though most of these use a 
bipedally stepping rat model (Courtine et al. 2009; Wojciech K Timoszyk et al. 2005; 
Edgerton and Roy 2009; P. Musienko et al. 2012; Y. Gerasimenko et al. 2007). 
Given the impact of their results it is important to critically examine some of their 
assumptions; Slawinska et al 2012 showed that the upright bipedal posture itself provides 
sensory feedback that promotes coordinated hindlimb stepping ((Sławińska et al. 2012; 
Volker Dietz 2002) even in the absence of training, drug application or supraspinal 
influence. Further to generalize their results beyond training specific effects these animals 
need to be tested during overground quadrupedal locomotion, which wasn’t the case. A 
recent study (Shah et al. 2013b) also reflected on how re-engaging the functional activity 
of upper limbs after a partial SCI using quadrupedal training improves hindlimb function 
more than bipedal training alone, making a case for developing clinical rehabilitation 
paradigms that involve upper arm training along with lower limb tasks. This evidence, 
coupled with our results which show that the sensory information from forepaws is vital 
in locomotor improvements make a strong case for why we use a quadrupedal model of 
locomotor training in this thesis.  
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Only recently have studies focused on the causal and critical role of cortical 
reorganization on locomotor recovery. In the van den Brand et al 2012 study they show 
that inactivating the motor cortex using local injections of muscimol (GABA agonist) 
immediately and reversibly suppressing voluntary bipedal hindlimb locomotion. This 
study supports our premise that there is an essential role of rewiring corticospinal 
projections from the motor cortex in recovering locomotor function. However note that 
that they use a partial SCI model (severe spinal cord over-hemisection at T7 and 
staggered hemisection at T9) that allows CST projections to rewire or sprout through the 
tissue bridge to reconnect the surpaspinal drive to the spinal lumbosacral networks. 
Studies typically make the assumption that recovery of motor function after SCI can only 
be achieved by explicit transmission of motor commands through the lesion. In the case 
of brain machine interfaces, this is achieved by decoding motor intent and bypassing the 
lesion to send the signal to the circuits below the level of the lesion. Others have tried to 
use nerve grafts, transplants, BDNF injections etc to repair the tissue bridge connecting 
the supraspinal circuits to the spinal circuits below. In our approach, we show for the first 
time that recovery after SCI is possible without explicit transmission of signals through 
the lesion. Activity dependent plasticity reinforces the circuits that are involved in 
sensorimotor function of intact body parts (forepaws, axial trunk), which also play a key 
role in locomotion especially through compensatory mechanisms after spinal injury. The 
sensory information from forepaws is vital for maintaining balance and enhanced motor 
control of the upper axial trunk is useful in preparing the body’s posture to take weight-
supported steps. The spinal circuits below the level of the lesion also play an important 
last part in this process by generating the locomotor like rhythmic movements. It is an 
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orchestration of all of these together that makes it possible to produce organized weight-
supported locomotor movements.  
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Chapter 5: Conclusion 
 
 
This thesis emphasizes the importance of reorganization of sensorimotor information in 
cortical circuits during rehabilitation after spinal cord injury. The brain is a complex 
structure, which has an immense capability to rewire, change and learn. One of the main 
contributions of this thesis is to approach recovery of locomotion in a novel manner, re-
training spared circuits and utilizing the inherent plasticity in the brain. Second is to 
provide a mechanism for recovery even when there is a complete disconnection between 
circuits above and below the lesion. Our approach was to optimize therapies that target 
plasticity in spared circuits in the brain to develop novel function that effectively 
improves locomotor abilities. In order to do this we used two different approaches for 
rehabilitation, training the motor cortex neurons using BMI therapy and training using a 
combination of therapeutic interventions (pharmacological agents and locomotor 
training). We first show that after complete deafferentation it is possible to preserve the 
encoding for movement intention. We further add that by increasing the involvement of 
the deafferented cortex in processing sensory information from the intact upper limbs and 
motor control of upper trunk we can significantly improve locomotor function. This work 
provides insight into important factors that have to be considered for developing and 
optimizing therapies for clinical rehabilitation after SCI. 
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